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INTRODUCTION 
The Pliocene sediments of the Hadar Formation of the west-central Afar sedimentary basin 
are among the richest fossil vertebrate bearing strata in East Africa. Abundant and well preserved 
remains Qi Australopithecus afaretisis have been found in the extensive badland exposures of the 
Hadar Formation. 
Since Maurice Taieb's discovery of extensive Pliocene fossil-bearing deposits in the early 
1970's, the Hadar has become an area of intense geological, paleontological, and anthropological 
research (Taieb e/or/., 1976, Aronson e/a/., 1977; Johansone/a/., 1978, Taieb and Nairn, 1979; 
Johanson and White, 1979; Gray e/a/., 1980; Aronson and Taieb, 1981; Johanson, 1982; Walter 
andAronson, 1982; Tiercelin, 1981, 1986; Walter, 1981, Radosevich e/a/, 1992; Walter and 
Aronson, 1993, and Walter, 1994; Kimbel etai, 1994). By 1993, about 300 hominid fossils, 
mostly belonging to Australopithecus qfarensis had been discovered, including 40% of the female 
skeleton known as "Lucy", the partial remains of 13 individuals known as the "First Family", and 
the first complete adult male skull (Johanson et al., 1978 and Kimbel et al., 1994). Numerous well 
preserved artiodactL, perissoactyl, rodent, carnivore, probosidean and other mammalian remains 
important for deciphering the evolution of East Africa have been also collected (Johanson el al., 
1980). Also present in younger deposits of the Hadar Formation is a wealth of stone artifacts 
(Roche and Tiercelin, 1980). 
Geologic investigations were initiated almost at the same time as paleoanthropological 
research in order to provide a stratigraphic framework into which anthropologic, archaeologic, and 
paleontologic discoveries could be placed. Initial geologic investigations of the area were carried 
out between 1973 and 1977 by the International Afar Research Expedition (I.A.R.E): 1) to 
establish the stratigraphy of the area, 2) to determine the age of the horainids and other fossils 
discovered, 3) to define the relationship between the hominids and the artifact sites, and 4) to 
interpret the depositional environment recorded by the sediments (Aronson and Taieb, 1981; and 
Tiercelin, 1986). Aside from a brief three weeks geological survey in January 1981, no field work 
was conducted in Hadar from 1977 until the fall of 1990. A team of scientists from the Institute of 
Human Origins formed the Hadar Research Project, in 1992, and invited the writer to participate in 
the project with the objective of establishing the detailed stratigraphy and depositional history of 
the Hadar Formation. 
The study area is roughly 300 square km in areal extent and is defined by the Kada Gona 
drainage to the east, the Ounda Hadar drainage to the west, the Awash River to the south and the 
top of the Hadar escarpment to the north (Figure 1). The principal objectives of this study are; 
1) to provide a detailed stratigraphic fiamework for the accurate location and age 
determination of hominids, 
2) to determine and interpret the lateral and vertical variations in lithology 
3) to determine the provenance of the Hadar Formation sediments 
4) to reconstruct the depositional environment of the Hadar Formation, and 
5) to interpret the tectonic history of the Ethiopian plateau and the Afar region. 
In order to accomplish these objectives, numerous exposures were measured and described and all 
available marker beds and fades were delineated, and detailed laboratory analyses were carried out. 
Method of study 
Two field studies, lasting a total of seven months were conducted during the dry seasons of 
January to May, 1993, and September to December, 1994. Reconnaissance excursions were first 
made to various parts of the area of study in order to obtain a birds-eye view of the region. Thirty-
two critical exposures of the Hadar Formation were then measured, described, and sampled in 
detail to provide a basis for interpreting the stratigraphy and paleoenvironment. Twelve of the 
sections were measured along the Kada Hadar and Sidi Hakoma drainages where many of the 
anthropological and paleontological sites occur. Fundamental rock stratigraphic units (members) 
were described and laterally continuous tephras and bentonitic claystones and mudstones were 
delineated and traced laterally throughout the study area. Major sandstone bodies were traced 
laterally (east-west and north-south) in order to develop a better understanding of their 
architecture. Numerous paleocurrent measurements were also taken. 
A variety of qualitative and quantitative laboratory procedures were followed to 
supplement the field work. Sediment composition was studied using thin sections, grain mounts, 
and X-ray diffraction. Heavy minerals were identified, their distribution determined, and their 
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Figure I, Map of Ethiopia showing the Afar Triangle and the Ethiopian Rill Valley, and the location 
of ti)e Middle Awasii and lladar areas. 
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possible source rocks were evaluated. Laboratory' methods used are described in more detail in the 
petrology section of this report. 
Previous work 
Most of the East African rift valley has been explored by geologists and paleontologists 
beginning as early as the last century. However, the inaccessibility of the Afar and its inhospitable 
climate discouraged its full-scale exploration until recently (Taieb, 1972). Attention focused on the 
Afar during the last thirty years because of its unique position at the intersection of the East 
African, Red Sea, and Gulf of Aden rifts. 
In addition, extensive Plio-Pleistocene fossil bearing deposits were discovered by Taieb 
(1972) along the Awash River valley in the western Afar area. Subsequently, fossil hominids and 
artifacts were found (Taieb et al, 1976; Johnson and White, 1979; tCalb et ai, 1982a; Clark et ai, 
1984). In order to explore these deposits, a multi-disciplinary research team was formed known as 
"International Afar Research Expedition (TARE)" and concentrated their studies on the Hadar area 
in collaboration with the Ethiopian Ministry of Culture and the Ethiopian Institute of Geological 
Surveys (EIGS). Initial surveys in the early to mid 1970's discovered over 300 hominid specimens 
representing at least 35 individuals, including the partial skeleton of "Lucy" and the "First Family". 
All were assigned to the species Australopithecus qfarensis (Johnson et ai, 1978). These initial 
surveys were also noted for the remarkable discovery of Oldovan type artifacts within the upper 
part of the Hadar Formation along the ephemeral Gona River ( Roche and Tiercelin, 1977). 
Preliminary stratigraphic correlation suggested a 2.6 Ma age for these artifacts (Roche and 
Tiercelin, 1977,1980). Aronson et al. (1977) and Walter (1981) carried out stratigraphic studies 
along the Gona drainage system and correlated the archeologjcal site with the upper portion of the 
Hadar Formation. 
The research work at Hadar and in most other parts of Ethiopia was suspended in the 
winter of 1976-197, because of political instability in the country. Research did not resume until 
autumn 1990. After a 14 year hiatus, research workers were again able to survey the Hadar 
Formation. Three subsequent seasons of field work at Hadar have revealed over 50 new hominid 
specimens, including the first complete adult skull oiAustralopithecus aforensis (Walter. 1994, and 
Kimbele/a/., 1994). 
Most previous geological investigations in the Hadar area were conducted to provide a 
background for paleontologjcal and anthropological discoveries. Taieb (1976) subdivided the 
Hadar Formation into four members based on the occurrences of laterally extensive tuflf horizons. 
Aronson and Taieb (1981) produced the first interpretation of the overall environment of 
deposition of the unrt. Taieb and Nairn (1979) suggested that the "Lucy" and "First Family" 
hominid sites were located in deltaic and silty floodplain deposits. Tiercelin (1986) suggested that 
the deposits of the Hadar Formation appeared to record an intricate succession of fluvial, marshy, 
and lacustrine environments. Single-crystal laser-fixssion '^ArA'^Ar analysis of major mff units 
(Walter and Aronson, 1993; Walter, 1994) provided the first reliable dates and a chronologic 
firamework for hominid evolution (Walter and Aronson, 1993). Similarly, Bonefille and Dechames 
(1981) smdied the fossil pollen and their data indicated that the habitat of Australopithecus 
afarensis was an evergreen bushland (Bonefille and Dechamps, 1981). 
Regional surveys of the volcanic rocks bordering the sedimentary basin have helped to 
clarify the geologic history of the basin and to provide information about possible source rocks. 
Several teams fi-om different countries have carried out geological and chemical studies in the Afar 
sedimentary basin as part of the First International Upper Mantle Project (BCronberg et ai, 1974). 
Based on their field work and the analysis of K/Ar dates of the volcanic rocks, the first geological 
map of the Afer area was published (Mohr, 1974; Kronberg et ai, 1974; Barberi et al., 1974; 
Zanettin, 1978). Kazmin et al. (1975) with the assistance of many Ethiopian geologists, prepared a 
geological map of Ethiopia based on liihologic units. At the same time, several researchers carried 
out intensive oceanographic, volcanologic and tectonic studies of the Red Sea, Afar, and Gulf of 
Aden that resulted in the delineation of the entire Afi-o-Arabian Rift system (Mohr, 1974). The 
production of a tectonic and geologic map of the Afi-o-Arabian Rifl System, and in particular the 
detailed study of the Afar extensional structures has led to a new interpretations of the origin of the 
rift valleys based on the concepts of sea floor spreading and plate tectonics (Mohr, 1974b). 
Volcanic rocks bordering the western side of the Afar sedimentary basins have also been 
investigated. Christiansen et al. (1975) carried out petrologjcal, and geochemical studies along the 
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Western and Southeastern Escarpments and adjacent plateaus of Somalia. Zanettin et al. (1974). 
discussed the tectonic and volcanic evolution of the Western Ethiopian Escarpments / highlands, 
and recognized three volcanic cycles ranging from early Oligocene to Pleistocene. More recently, 
volcanics to the west and northwest were described and mapped in detail by Walter (1981). 
Davidson et al. (1980) have completed a regional study of the volcanic rocks of the central part of 
the Main Ethiopian Rift, the Chew Bahir Basin, and the Omo River valley of southern Ethiopia. 
Volcano-tectonic setting 
The Afar sedimentary basin occupies a structural depression and is bounded to the west by 
the Western Ethiopian Escarpment and plateau, to the southeast by the Somalian Escarpment and 
plateau and to the northeast by the Dankil Horst (Figure 2). The Afar is part of the Afro-Arabian 
Rift System which extends 6500 km from the Jordan-Dead Sea Rift through the Red Sea, the Gulf 
of Aden and the East Afiican Rift system (Gregory, 1886, Mohr, 1974; Baker et al, 1972). 
The first-rift related deformation began with the uplift of the Ethiopian-Arabian dome 
during the late Eocene (Baker et al, 1972). This uplift occiorred on an immense scale following 
late Mesozoic to early Cenozoic regression of the sea (Mohr, 1976b). The cause and mechanism 
of this uplift is yet to be worked out in detail, but most authors agree that high sublithospheric heat 
flux focused on the base of lithosphere resulting tectonism and volcanism in the region (Zanettin et 
al, 1976; Barberi, 1975; Mohr, 1976). More recently, two opposing mechanisms have been 
suggested for the uplift and development of rifts (Vidal et al, 1994). In the "active" rifting model, 
an asthenospheric diapir or plume caused the uplift and thermal and mechanical erosion of the 
lithosphere (Turocotte and Emenman, 1983; White and Mckenzie, 1989). In the "passive" rifting 
model, the asthenosphere wells up in response to the stretching and thinning of lithosphere (Mohr, 
1982; Foucher et ai, 1982). 
The late Eocene Afro-Arabian uplift was followed by the eruption of vast basaltic flows 
known locally as the Trap Series (Mohr, 1974). These flows covered the greater part of the 
Mesozoic rocks in Ethiopia, especially the northern and the central portion of Ethiopia (Kronberg 
et al., 1974). The age of the first eruptions in Ethiopia is still not well known, but they may have 
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Figure 2. Outline map of the East Africa Rift System and related structural elements 
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begun during Eocene-Oligocene times (Davidson, 1983; Walter, 1981). In the nonhem Afar, the 
eruptions probably continued throughout the early Tertiary (Mohr, 1962b, 1975; Barberi and 
Varet, 1975b; Mohr, 1976). In the Western Ethiopian Escarpment the Trap Series volcanic rocks 
known as Ashangi Basalts are Eocene in age (Zanettin et ai, 1979). Trap Series basalts also have 
been reported in the Southeastern Escarpment (Bamnert, 1972b). These are probably much 
younger (25 to 20 Ma) than those of the Western Ethiopian Escarpment (Morbidelli et al., 1975). 
Kunz et al. (1975) suggest the Trap Series erupations began in the Oligocene and continued into 
the early Miocene. 
All age data available for the Afar region indicate a late to middle Miocene age for the 
initiation of Afar rifting (Barebri et ai, 1972; Chessex et ai, 1974b, Civetta et ai, 1974; Bannert et 
ai, 1972). Most workers believe that rifting in the Afar did not occur at the same time, rather that 
there was a gradual shift of rifting across the Afar.(Zanettin et ai, 1975, Mohr, 1974, Barebri et 
ai, 1974). Rifting first occurred to the north about 24 Ma and then migrated gradually towards 
the south at about 13 Ma (Zanettin et ai, 1975). The margins of the Afar intensified later in the 
Pliocene, creating intense fi^cturing and large vertical throw (Barebri e/a/., 1972). At the same 
time, large lakes developed within the rift in downwarped basins (Aronson et ai, 1981). The 
sediments of the Chorora Formation (Sickenberg and Schonfeld, 1975), and fluvio-lacustrine 
deposits of the middle Awash Valley (Kalb et ai, 1982a), and the Hadar Formation (Taieb et ai, 
1976; Aronson and Taieb, 1981) accumulated in the rift basins parallel to the present Somali and 
Ethiopian Escarpments. 
9 
STRATIGRAPHY OF THE HADAR FORMATION 
The Pliocene Hadar Formation consists of over 250 m of interfingering boulder to granule-
sized conglomerates, coarse to fine-grained sandstones, variegated siltstones and mudstones, 
bioclastic carbonates and tuff horizons. This complex of sediments rest unconformably on late 
Miocene and Pliocene volcanic rocks. 
Thirty two stratigraphic sections were measured, described and sampled in the Hadar area 
(Figure 3). Most of the sedimentary units of the Hadar Formation grade vertically and interfinger 
laterally with each other. Tuffs have proven to be the best marker horizons and the most useful in 
dividing the formation into members (Taieb etai, 1976; Aronson and Taieb, 1981; Tiercelin, 
1981). At least eleven tuff and tuffaceous bentonite horizons occur within the Hadar Formation 
(Figure 3 and 4). However, the Bouroukie Tuff-2 (BKT-2) of the upper part of the Kada Hadar 
Member and the Kada Moumou Basalt of the lower part of the Sidi Hakoma Member were the 
only two dated units until 1990. The major success of the 1990 field work was the discovery of 
datable samples of several previously known but undated tuflfe. The tuffs were now datable by the 
new single crystal laser fiision ^Ax! ^^Ar dating procedure. As previously noted, Taieb et al. 
(1976) subdivided the Hadar Formation into four members; the Basal Member, the Sidi Hakoma 
Member, the Denen Dora Member, and the Kada Hadar Member on basis of three tuff horizons, 
the Sidi Hakoma Tuff (SHT), Triple Tuff (TT), and the Kada Hadar Tuff (KHT). 
Basal Member 
The Basal Member is well exposed in the study area at Kenia Koma and Afafoli Koma 
along the left bank of Awash River. Only ten to twelve meters of interbedded sandstones, 
siltstones, mudstones, and two thin (10-20 cm) beds of gastropod-bearing limestone of the 
uppermost part of the Basal Member are exposed (Figure 3). The lower contact of the Basal 
Member is exposed at Oudateit Wadi, a right bank tributary of the Awash River, where it rests 
directly on an Afar series basalts, dated to 4.5 Ma (Aronson et al, 1980; Kalb et ai, 1982b; and 
Tiercelin, 1986). 
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The base of exposure of the upper part of the Basal Member at Hadar is marked by 3 m of 
thick pale brown mudstone interbedded with an 80 cm thick, light olive gray, poorly laminated 
mudstone. Two thin gastropod-bearing limestone beds, interbedded with pale brown siltstone, cap 
the massive mudstone (Figure 3). The section grades upward into a sequence of interbedded, 
yellowish brown, argillaceous siltstone and trough cross-stratified sandstone named as Basal -1 
(BS-l) and Basal -2 (BS-2) sandstones (Figure 3). At Kenia Koma, the BS-2 sandstone is capped 
and deeply tnmcated by a channel-fill fades of the Sidi Hakoraa Tuflf (SHT) which marks the base 
of the overlying Sidi Hakoma Member. The Basal Member in the study area has not been dated, 
but is older than 3.4 Ma (Walter and Aronson, 1993) 
Sidi Hakoma Member 
The Sidi Hakoma Member is separated fi"om overlying Denen Dora Member by the Triple 
Tuflf (TT). It varies in thickness fi-om 50 m in the western part of the study area at Kahuli Koma 
and Afafoli Koma, to about 80 m at Denen Dora Koma and to 120 m in the eastern part at Sinsali 
and Ounda Hadar drainages (Figure 3). The Kada Mohay Tuflf (KMT) separates the Sidi Hakoma 
Member into lower and upper parts. The lower part is exposed in its entirety only at Kenia Koma 
and Afafoli Koma. However, the upper part is exposed throughout the study area. 
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The base of the lower part of the Sidi Hakoma Member is SHT which is capped by sandy 
to argillaceous siltstone that contains abundant calcareous concretions and root casts. This is 
overlain by interbedded mudstone, siltstone, and two trough cross-stratified channel sandstones, 
referred to as the Sidi Hakoma l(SH-I) and Sidi Hakoma 2 (SH-2) sandstones by previous 
workers. Both sandstones are 2 to 3 m thick, but thin and interfinger laterally with massive 
mudstone and thin limestone beds. 
The lower part of the upper Sidi Hakoma Member consists of interbedded mudstones, 
siltstones, and a trough cross-stratified sandstone- the Sidi Hakoma 3 sandstone (SH-3). The SH-3 
sandstone is thicker (4 m) than the SH-1 and SH-2 sandstones and has a greater lateral extent, 
extending fi^om Kenia Koma to Ounda Hadar. At Afafoli and Kenia Koma, this sequence is 
overlain by interbedded lenticular siltstone, and sandstone, and a thin gastropod-bearing limestone. 
These sediments in turn are overlain by a thin (10-20 cm thick), light brown, unfossiliferous 
limestone commonly referred to as ±e "Pink Marl" (Figure 3). 
This sequence grades vertically into a carbonaceous mudstone, a barite concretion-bearing 
laminated mudstone, and a blocky mudstone that are interbedded with the Triple TufiT complex. 
The carbonaceous and barite concretion-bearing mudstones are 4 to 8 m thick at Sinsali and Ounda 
Hadar localities, and thin gradually to 1 to 3 m thick at the "First Family" site (AL 333) and Denen 
Dora Koma. At Ounda Hadar, the barite concretion bearing-mudstone lies directly on the 
carbonaceous mudstone. At the "Lucy" site (AL 288) and at Denen Dora Koma, it lies on a blocky 
mudstone. Vertically, these units give way to a 1 m thick light olive gray, ostracod-bearing fissile 
shale that is laterally persistent without a significant variation in thickness. 
Denen Dora Member 
The Denen Dora Member is a heterogeneous sequence of cobble conglomerates, medium-
to coarse-grained sandstones, variegated siltstones and mudstones, and thin limestones. It varies in 
thickness fi'om 25 m at Afafoli Koma and Kahuli Koma to 12 to 15 m at Ounda Hadar. 
The Denen Dora Member is separated fi'om the underlying member by the Triple Tuflfs. 
The term "Triple Tuffs" was initially applied to three tuffs, each approximately 5 cm thick, 
interbedded with laminated mudstones. Recent detailed field studies have revealed that there are at 
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least eight thin tufif horizons intercalated with 3 to 5 m of mudstone. The tuffs have been numbered 
consecutively from the bottom up; TT-1 through TT-8. The fourth tuff (TT-4) is laterally the most 
persistent horizon in the study area and is the best marker bed for separating the Sidi Hakoma 
Member from the Denen Dora Member. Because of the rarity of datable minerals in these tuffs, 
they are not as well dated of yet. However, using the single crystal "^Ar/^'^Ar method, Walter and 
Aronson (1993) have dated TT-4 at 3.22 Ma. 
Immediately above the TT-5, the lower Denen Dora Member consists of a series of 
interbedded mudstones, siltstones and trough cross-stratified sandstones, designated as Denen 
Dora I (DD-1) and Denen Dora 2 (DD-2) sandstones (Figure 5). These are occasionally 
intercalated with TT-6, TT-7 and TT-8 of 20 cm thick. The DD-1 sandstone is discontinuous in 
character in the west Kahuli Koma. At the AL 333, it rests directly on blocky mudstone and 
grades laterally into an interbedded siltstone and thin, horizontally laminated fine-grained 
sandstone. Similarly, the DD-2 sandstone is a 2 m thick, small scale trough cross-stratified, fine to 
medium-grained sandstone in the west that grades laterally into interbedded siltstones, mudstones, 
and massive to horizontally bedded fine-grained sandstones. In the eastern part of the study area 
(Ounda Hadar), the DD-2 sandstone gives way to siltstone that is rich in vertebrate fossils and root 
casts. 
Vertically, the above sequences are overlain by a thick trough cross-stratified sandstone, 
the DD-3 sandstone, that can be traced laterally throughout the study area. It varies in thickness 
from 4 m at Ounda Hadar to about 10 m at Kahuli Koma and Afafoli Koma (Figure 3). At 
Merkatu Negeria Koma, the DD-3 sandstone vertically and laterally grades into a 3-6 m thick 
conglomerate. The DD-3 sandstone is overlaui by 1.5 m of siltstone and 80 cm of tuff (KHT) at 
Kahuli Koma, at AL 333 and at Sinsali. This tuff^ the ICada Hadar Tuff (KHT), is not present at 
the Oimda Hadar. The uppermost Denen Dora Member is marked by a 1 m thick siltstones that 
sometimes contains small white calcareous concretion and root casts. 
Kada Hadar Member 
The Kada Hadar Tuff (KHT) marks the basal unit of the Kada Hadar Member. Previous 
K-Ar dates of the KHT yield 4 to 4.6 Ma and fission track dates on zircon range from 5.1 to 19.1 
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Ma (Walter and Aronson, 1982). The zircon dates suggest that Miocene age detrital 
contamination is involved (Walter, 1992). Recent ^.\r/ "^Ar analysis on sanidine crystals of KHT 
have yielded a mean age of 3.175 Ma (Walter, 1994). 
The Kada Hadar Member is the thickest member of the Hadar Formation, reaching a 
thickness of about 130 m. In this study, the Kada Hadar Member is tentatively subdivided into twro 
informal units: lower and upper Kada Hadar. The lower Kada Hadar is defined as a sequence of 
strata occurring between the base of the KHT and a prominent regional disconformable surface. 
The upper Kada Hadar overlies the disconformity and consists of granule to cobble conglomerates, 
and uiflfaceous siltstones (Figure 3). 
Lower Kada Hadar 
Similar to the Denen Dora Member, the lower Kada Hadar is a heterogeneous sequence of 
granule to boulder conglomerates, fine to coarse-grained sandstones, siltstones and mudstones. It 
ranges in thickness fi-om 55 m along the Gona drainage (personal communication, James Aronson), 
to 40 m at the Denen Dora Koma near AL 333, to 70 m along the Farsita and Bouroukie drainage 
systems. 
The lower Kada Hadar has three major marker beds, the Bouroukie-1 Tuff (BKT-1), 
Bouroukie-2 Tuff (BKT-2) and Farsita Tuff (FRT) (Figure 3 and 4). The BKT-1 has been altered 
to bentonite. However, some sanidine crystals have been isolated and have been tentatively dated 
as 3.18 Ma (Walter, 1990). The BKT-2 is of primary pyroclastic origin. It occurs as a double 
horizon with the upper ash layer (BKT-2U) separated fi-om the lower ash layer (BKT-2L) by a 0.5 
to 1 m thick mudstone (Walter and Aronson, 1982). The first K/Ar age reported for BKT-2L was 
2.63 Ma, but later 14 conventional K/Ar measurements yielded a mean age of 2.93 Ma (Walter and 
Aronson, 1982) which is compatible with the ""^Ar/'Ar age 2.95 Ma (Walter and Aronson, 1993). 
BKT-2U is not laterally extensive and does not occur in all exposures, but recent "^Ar/ "'Ar dates 
suggest an age of 2.92 Ma (Walter, in press). The FR.T mainly crops out along the Farsita drainage 
in the upper portion of the lower Kada Hadar. Tentative field and chemical data suggest that the 
FRT may correlate with Artifact Site Tuff 1 (AST-1) exposed along the edge of the study area 
(Walter, personal communication, 1995). 
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For the purposes of description, the lower Kada Hadar unit is here flirther subdivided into 
lower, middle and upper sequences. The lower sequence extends from the base of KHT to the 
base of BKT-l. The middle sequence is between the base of the BKT-l and the base of the BKT-2 
and the upper sequence lies between the base of the BKT-2 and the regional unconformity. The 
lower sequence of the lower Kada Hadar unit is exposed throughout the study area. Mudstone 
interbedded with a siltstone, and two trough cross-stratified sandstones, designated as the Kada 
Hadar I (KH-1 or "Lucy') and Kada Hadar 2 (KH-2) sandstones rests directly on KHT. The KH-
1 sandstone outcrops discontinuously in lensoid bodies of variable thickness, ranging fi^om 0.3 m at 
Sinsali, to 2 m at Sidi Hakoma, and 6 m in the Farsita wadi. It grades upward into interbedded 
sequence of siltstone (2 to 3m), ostracod-bearing fissile shale (0.80 m) and gastropod-bearing 
limestone (10-20 cm), that is laterally extensive without significant thickness variations. Overlying 
this sequence are 2 m of siltstone and 2 to 4 m of the medium-grained trough cross-stratified KH-2 
sandstone. 
Fining upward sequences of cobble to pebble conglomerate, large scale trough cross-
stratified sandstone of the BCH-3, and KH-4 sandstones, and siltstone or mudstone are common 
lithologies between BKT-l and BKT-2. The sandstones are commonly 3 to 10 m thick and are 
laterally extensive, sheet-like deposits that are traceable for at least several km. This sequence 
passes vertically into variegated mudstones and siltstones of variable thickness, a thin (20 to 40 cm 
thick) calcrete bed, and a laterally persistent thin (0.8 m) light olive gray mudstone, known as the 
Green Marker bed. 
Along the upper Kada Hadar drainage, massive to blocky mudstones, siltstones, silty to 
sandy conglomerates, massive sandstones, and calcrete beds occur between BKT-2 and a regional 
disconformable surface. It is thickest (15 m) along the western branch of the Kada Hadar (Burhun 
Dura) drainage and thins somewhat to 10 m in Denen Dora Koma and thickens again (6 m) near 
the "Lucy" locality, AL 288. Most of the units are lithologically highly variable and grade vertically 
and interfinger with each other laterally. The major, laterally extensive, sheet-like trough cross-
stratified sandstone (KH-5 sandstone) permits in delineation of the discontinuous, poorly indurated 
sediments of this part of the lower Kada Hadar Member. The KH-5 sandstone is well exposed 
along the Farsita, Bouroukie and Burhun Dura tributaries of the Kada Hadar where most 
stratigraphic sections were measured and described. Here, the sandstone reaches a maximum 
thickness of 4 m. In most cases it rests directly on a 0.3 to 0.5 m thick lenticular granule to cobble 
conglomerate. 
Upper Kada Hadar 
The upper Kada Hadar is here defined as all strata occurring above the regional 
disconformity surface to the base of the gravels bearing Aschulean artifacts. The disconformity is 
well exposed at Burhun Dura and at the north end of Farsita drainage where granule to cobble 
conglomerates rest on an erosional surface that downcuts through 20 m of strata into the 
underlying lower Kada Hadar sediments. There are also two major tephra horizons in the upper 
Kada Hadar, 1) the Bouroukie Tufif-3 (BKT-3) dated at 2.3 + 0.1 Ma, and 2) the Dahuli Tuflf 
(DHT). These tuffs are also useful for correlation purposes and are used to distinguish the 
different conglomerates of the upper Kada Hadar. The BKT-3 has a wide lateral extent fi-om the 
Bouroukie to the Dahuli drainage and is used to distinguish two important conglomerates in the 
upper Kada Hadar. The DHT, the youngest tuff of the Hadar Formation known thus far, overlies 
all of the upper Kada Hadar conglomerates. 
The upper Kada Hadar is over 30 m thick and is composed of at least five conglomerate 
sheets interbedded with tuffaceous siltstones. These conglomerates have been designated the KH-
6 through KH-10 (Figure 3). The KH-6 conglomerate is one of the major conglomerates in the 
study area, extending for about 5 km from the ECada Hadar drainage to the Gona drainage. It is 
deeply incised into the lower Kada Hadar sediments, including BKT-2. This conglomerate 
vertically grades into the sandy to silty gravel of the KH-7 conglomerate (2 to 4 m thick) which is 
very limited in aerial extent. The cobble to boulder KH-8 conglomerate (5 to 7 m thick) occurs 
about 3.8 m below the BKT-3 and about 25 m above the BKT-2 (2.92 Ma). It is laterally 
extensive and can be traced from Dahuli to Burhun Dura. At the Burhun Dura and Dahuli, the 
KH-8 conglomerate rests on an irregular surface that is cut into underlying sediments, including the 
KH-6 conglomerate and BKT-2. The KH-8 conglomerate passes vertically into the 3 m thick, 
lenticular, granule to cobble KH-9 conglomerate which is also marked by local downcutting into 
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the underlying tuffaceous siltstones. This conglomerate is capped by DHT and tuffaceous 
siltstones, which are often truncated by the 2 m thick KH-10 conglomerate. 
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PETROLOGY 
As previously noted, the Pliocene sediments of the Hadar Formation consist of 
conglomerates, sandstones, mudrocks, carbonates, and tuflfs and betonitic tuffs. They display 
distinct variations in mineralogy, color, and texture that reflect different source rocks, source 
areas, and depositional environments. 
The composition of the sediments was determined by standard petrographic 
microscope and X-ray diffraction methods. Lag gravel and conglomerate clast lithologies 
were identified with the aid of a hand lens and a binocular microscope. At least 200 clasts per 
unit were identified. Seventy-five thin sections of conglomerate matrix, sandstones, tuffs, and 
carbonates were examined with a petrographic microscope. Thin sections were vacuum-
impregnated with blue epoxy and oil ground when necessary to preserve the original texture. 
A total of 200 points were counted on each thin section to determine the abundance of the 
major components of each rock, framework grains, and cement types. X-ray diffraction was 
used to identify the dominant clay minerals in the mudrocks and the tuffs and betonitic tuffs. 
Textural characteristics of the samples were determined by a combination of methods, 
including microscopic examination. Mean size, sorting, shape, roundness and grain 
relationships were noted in each thin section. Scaled 35 mm photographs were taken to 
determine the particle size of conglomerate clasts, and the particle size versus the vertical 
position of the conglomerate clasts with the respect to the lower contact was plotted. 
Seventy-five sandstone samples were separated into half phi fractions using a series of nested 
sieves ranging from -5 phi to 4 phi (Visher, 1969). The particle distributions of 32 mudrock 
samples were determined by the pipette method (Folk, 1974). Graphic plots (Glaister and 
Nelson, 1974) were prepared and textural parameters (Folk and Ward, 1955) were then 
determined so that comparison between samples could be made. 
Heavy mineral analysis of 53 sandstone samples were carried out as using methods 
described by Mathesion (1977). X-ray diffraction was used for mineral identification, while 
the petrographic microscope was used for grain counting. Between 200 and 300 grains were 
counted for each sample. The grains were grouped into three size fractions: 250-500 |i, 125-
250 |i and 63-125 |i. Based on the size distribution of the heavy minerals, only the fine sand 
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(250-125) size was used to characterize the heavy minerals, as will be discussed in more detail 
later in this chapter. 
Conglomerate 
All conglomerates of the Hadar Formation are polymictic conglomerates that vary 
significantly in texture and abundance throughout the study area. 
Texture 
Pebble to boulder conglomerates comprise approximately 10% of the Hadar 
Formation. According to Steel and Thompson (1983) conglomerate classification, the Hadar 
Formation conglomerates can be assigned to three types: 1) disorganized, coarse open, clast-
supported conglomerates, 2) bimodal matrix-supported conglomerates, and 3) cross-stratified 
conglomerates. The most common type is the disorganized, coarse, clast-supported 
conglomerate and occurs dominantly in the DD-3, KH-3 and KH-8 conglomerates. The mean 
grain size ranges fi'om -5 (j) (32 ram) to about -10 phi (10 cm), although both pebble sized 
(less than -5 (}) or 32 mm) and boulder sized (greater than -10 (j), or 10 cm) clasts are present 
(Table I and Figure 5). Locally, these conglomerates show a vertical grading from a I m 
thick fine filled framework in the lower portion grading upward into disorganized 1-3 m thick, 
open framework conglomerate and finally into 2 to 3 m thick horizontally stratified 
conglomerate (Figure. 6). Grain size also grades upward from granules (-2 (f)) at the base to 
large cobbles (-7 (J)) at the top. The vertical grading is sometimes interrupted by thin lenses of 
coarse-grained sandstone. The clasts are commonly subangular to subrounded compact to 
disc shaped forms. 
Bimodal matrix-supported conglomerates contain poorly sorted assemblages of clasts 
in a sand matrix that varies from a sandy gravel to a gravely sand (Figure 7). These 
conglomerates are relatively localized and discontinuously exposed along the upper reaches of 
the Gona and Kada Hadar within the Denen Dora and Kada Hadar members. Examples of 
these conglomerates are the DD-3, BCH-3 and KH-8 conglomerates. Statistical parameters for 
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Table 1. Statistical measure of selected conglomerates. 
Member Sample # Mean (j) Median (|) Skewness Kurtosis St. de\iation 
Conglomerate matri.\ 
DD-3 conglomerate 
M-22-1 -1.678 -1.5 0.018 -2.17 4.45 
N-29-1 -3.39 -4.2 1.311 1.909 3.50 
L-25-1 -1.235 -2.2 1.298 1.129 2.04 
average -2.101 -2.616 0.875 0.288 3.33 
KH-3 conglomerate 
M-41-1 -1.142 -2.75 -0.4 -2.039 4.52 
0-65-1 -0.228 -1 0.583 -1.466 2.21 
D-23-1 -1.43 -2.11 -0.02 0.8 3.24 
average -1.313 -2.65 0.548 1.111 3.45 
KH-8 conglomerate 
Fl-7-1 -0,428 -0.6 0.34 -0.954 2.4 
Fl-7b-l -0.428 -0.91 -0.14 0.89 2.56 
F1-7C-1 0.81 -0.51 -0.19 1.19 2.69 
average -0.079 -0.67 0.003 0.37 2.54 
KH-9 conglomerate 
F5-4-1 -0.435 -1.00 -0.66 -0.74 2.33 
F5-4b-l -0.428 -0.6 0.34 -0.954 2.40 
average 0.432 -0.8 0.5 0.847 2.37 
KH-10 conglomerate 
F6-1 -2.57 -4.2 1.11 0.17 3.34 
F6-6b-l -1.23 -2.2 1.25 1.13 2.04 
average -1.9 3.18 1.18 0.65 2.71 
Figure 5. The DD-3 conglomerate of the Denen Dora Member showing a coarse, open 
clast-supported texture at a) Kuhli Koma, Kuhli Koma (Scale 1.12 cm), and b) Denen 
Dora Koma (Scale 1:12 cm) 
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the sandstone matrix of the conglomerates reveal an average mean diameter of -2.101 (j) ( - 4 
nun) for DD-3 conglomerates, -0.933 (|) (~ 2 mm) for KH-3 conglomerates, and -0.079 (j) (- 1 
mm) for KH-8 conglomerates . The average standard deviation for all samples, 2.98 (j), 
indicates that the sandy matrix, which varies from 2.036 (j) to 4.457 (j), is typically very poorly-
sorted. Skewness of the matrix particle size distribution, 0.729 (j) (mm), is very positively 
skewed for all these conglomerates with a range from symmetrical (0.003 (|)) to very positively 
skewed (1.3 ({>). The average kurtosis value of the matrix shows a slight variation between the 
conglomerates. Both the DD-3 and the KH-8 conglomerates are very platykurtic (0.288 and 
0.37 ({)), whereas the KH-3 conglomerate is platykurtic (0.89 (j)) (Table 1). 
Cross-stratified conglomerates are also present in the upper Kada Hadar Member 
above the regional unconformity. They are represented by KH-6 , KH-7, KH-9 and KH-10 
conglomerates. These conglomerates are somewhat finer-grained than the crudely-stratified, 
clast-supported conglomerates of the DD-3, KH-3 and KH-8, and vary from muddy sandy to 
sandy conglomerates. Statistical parameters of selected samples of these conglomerates show 
an average mean diameter of -0.431 (j), and a range from coarse sand (-0.428 <j)) to pebbles (-
2.571 ({)). The average standard deviation is 2.54 (j), corresponding to poorly sorted. 
Skewness is positive, with a range from 0.51 (}) to 1.2984). The average kurtosis is 2.536 (j), 
indicating that they are very leptokurtic, that is, better sorted in the central portion than in the 
extremes. Other than organization of the clast grain size, shape and roundness are similar to 
their counterparts of disorganized, open, coarse clast, and matrix-supported conglomerates. 
The coarse grain size, very poor sorting and variation in clast size reflect the textural 
immaturity of the conglomerates and variation in depositional processes (Steel and Thompson, 
1983). Steel and Thompson (1983) suggest that coarse, open framework conglomerates are 
usually formed during a high energy stage, whereas fine gravels are deposited during lower 
energy stage of a river system. The coarsening from the western to northern part of the study 
area, from cobble to boulder size clasts, reflects the development of high energy (braided) 
streams draining the Ethiopian Escarpment into the Hadar region. The bimodal matrix-
supported conglomerates that commonly lack internal structures, are generally interpreted as 
products of high viscosity mass-flow processes (Ballance et al., 1984). Probability plots 
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(Figure 8) of the matrix- supported conglomerates display texturai variation typical of braided 
stream as described by Visher (1969) and Glaister and Melion (1974). Braided stream 
deposits that are strongly bimodal, have saltation and traction populations, and have a low 
suspension population which is expressed by a low slope denoting poor sorting (Glaster and 
Nelson, 1974). Some of the conglomerates contain thin lenes of sandstone with horizontal or 
low angle bedding. These are interpreted to be products of waning flood stages in the high 
flow regimes (Steel and Thompson, 1983). The clast-supported open framework 
conglomerates imply passing and winnowing of fines and the creation of a clast-supported lag 
during waning discharge. The sand presumably infiltrated into the interstices of the 
conglomerate at a late stage (Steel and Thompson, 1983). 
Composition 
Clast lithologies are similar in both DD-3 and KH-3 conglomerates of the Denen Dora 
and the Kada Hadar members, respectively. Based on hand specimen identification and thin 
section studies, rhyoiites (74 %), and trachytes (3 %) are the dominant lithologies recorded in 
clast counts of the conglomerates. Basalts and andesites (19%) are common components, 
while ignimbrites (4 %) occur in minor amounts. On the other hand, the BCH-8, KH-9 and 
KH-10 conglomerates of the upper Kada Hadar Member contain a higher concentration of 
basalts and andesite clasts (67 %) than rhyoiites (29 %) and trachytes (4 %). Pyroclastic 
rocks are also present in minor amounts (<1 %). 
Compositionally, the sand matrix of the conglomerates ranges from litharenite to 
feldspathic litharenite, with feldspathic litharenites being the most common (Figure 9). The 
mineralogical components of the fi"amework grains of the sand matrix as determined fi-om thin 
sections are presented in Table 2. The framework grains of the sand matrix are dominantly 
composed of volcanic rock fragments (56 %), plagioclase (19 %), augite (7 %), quartz (5 %), 
and opaque minerals (7 %). Hypersthene, hornblende, and epidote are constant minor 
components. Quartz characteristically occurs as coarse sand to granule-size bipyramidal 
crystals. K-feldspar also occurs in amounts less than one percent. 
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Figure 9. The lithology of the matrix of matrix-supported conglomerates (after Folk, 1974) 
Table 2, Composition of the framework grains of the sand matrix, 
Framework g r a i n  m i n e r a l o g y C / j  
Q u a r t z  a n d  f e l d s p a r  R o c k  f r a g m e n t s  F e r r o m a g n e s s i a n  g r a i n s  
\® / 
cT A °  
•O ,v.^ 
xP %o> 0 9  
M - 2 2 - 1  6  - 2 3  5 4  - 1  5  3  8  
N - 2 9 - 1  3  - 3 0  5 4  - 5  3  4  
M - 2 2 b - l  8  - 1 9  4 8  1  8  2  1 2  
0 - 6 5 - 1  7  - 1 9  5 8  - 4  4  8  
0 - 2 3 - 1  6  - 2 5  6 0  - 5  1  3  
F - 1 7 - 1  4  - 3 1  5 3  1  6  2  4  
1 
X
I 
1 
u
.
 
- 1 1  5 3  1  1  1 1  6  1 5  
L - 1 8 - 1  4  - 1 3  5 8  1  1  9  5  8  
M - 3 4 - 1  1 0  - 1 4  5 9  t  8  3  5  
L - 1 8 b - 1  4  — 1 9  5 5  t  7  4  
To obtain the relative abundance of the source rocks, cobble-size clasts were identified 
and counted for the DD-3 sandstone of the Denen Dora Member, and the KH-3 and KH-8 
conglomerates of the Kada Hadar Member. All the cobble-size clasts in I m" plot were 
counted at intervals of 0.5 to 2.0 Km along the Gona and Kada Hadar wadis. One difficulty 
encountered during clast counting was that the area selected for counting often contained 
clasts that were difficult to identify in the field. Some clasts were highly altered and 
disintegrated during sample preparation. Although there were a few extremely altered clasts 
in all samples, the remaining clasts were fresh enough to identify and to determine the 
dominant source rocks for the conglomerates of the Hadar Formation. The clasts are 
generally categorized into three groups (Table 3). The basic volcanic clasts (basalts and 
andesites), both aphantic and porphyrtic varieties, are grouped as one end member (Cb). 
Acidic volcanic clasts, dominated by rhyolite and trachyte clasts, are grouped as the second 
end member (Cr). The third group includes pyroclastic rocks and unidentified clasts (Cp). 
The results of these counts are plotted on ternary diagrams (Figure 10) as suggested 
by Ingersoll etal., 1984; Zuffa, 1985 and 1987; Dickson, 1985; Critelli and Le Pera, 1994; 
Critelli et al, 1995. The DD-3 sandstone and the KH-3 conglomerate of the Denen Dora and 
the lower Kada Hadar are dominated by rhyolitic/ignimbritic/trachytic clasts (Cr74CbigCp5 and 
Cr63Cb34Cp3, respectively). In contrast, the KH-8 conglomerate of the upper Kada Hadar, 
contains a high proportion of basaltic and andesitic clasts (Cr2oCbg4Cpi6). This suggests that 
the conglomerates above the unconformity record a change in the lithology of the source 
rocks resulting from tectonic activity along the Ethiopian escarpments. Conglomerate clasts 
from the present Gona and Kada Hadar wadis, which drain the Ethiopian Escarpment to the 
west, are dominated by basalts/andesites clasts, (Cr22Cb7oCp8 and Cr25Cb67Cpg, respectively), 
similar to that of the KH-8 conglomerate. Basalts and andesites are the dominant clasts being 
transported to the Afar basin and Awash River today. It may be that the clasts of the Gona 
and Kada Hadar wadis are derived mainly from the upper Kada Hadar conglomerates. 
Table 3. Conglomerate parameters (modified from Graham et al., 1976 and Critelli et al., 
1994). 
Clasts Description 
Cb mafic clasts donunated by basalt and andesite 
Cr felsic clasts dominated by rhyolite and trachyte 
Cp clasts with glass}' and \itric textures dominated by ingnimbrite 
and/or pvTOclastic rocks 
DD-3 KH-3 FRT-1 
CONGLOMERATE CONGLOMERATE CONGLOMERATE 
Cvb Cvb Cvb 
Cvr Cvr Cvp Cvp Cvr CVp 
GONA RIVER KADA HADAR RIVER 
C v b  C v b  
C v r  C v r  C v r  C v p  
Figure 10. Ternary plot of relative abundance of mafic (Cvb), felsic (Cvr) and 
pyroclastic and unidentified (Cvp). 
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Sandstone 
Texture 
Seventy-five sandstone samples from the Sidi Hakoma Member (SH-1, SH-2 and SH-
3 sandstones), the Denen Dora Member (DD-l. DD-2 and DD-3 sandstones) and the lower 
part of the Kada Hadar Member (KH-1, KH-2, KH-3 and KH-4 sandstones) were selected for 
grain size analysis (Appendix C). The analyses were carried out at the Ethiopian Institute of 
Geological Surveys (EIGS) using a method suggested by Krumben and Rasmussen (1961), 
Folk (1975b), and Buller and McManus, (1979). Cumulative curves and bivalent plots of the 
sandstone samples of each member were then plotted on arithmetic probability paper using the 
phi scale as suggested by Visher (1969). 
Visher (1969) and Gaster and Melion (1974), in their work on size distribution of 
modem and ancient fluvial sands, demonstrate that most distributions comprise one or more 
sub-populations. These sub-populations reflect three modes of sediment transport (saltation, 
suspension, and traction) that relate to specific depositional envirormients. Cumulative weight 
percent scales versus phi scales of selected sandstone samples from each member were plotted 
on probability paper (Figure 11 and 12). The resulting curves show that saltation and 
suspension dominate the size population, although a few samples, such as the SH-3 and KH-3 
sandstones, reflect the presence of a traction population. The saltation population comprises 
between 60 to 70% in most sandstone samples. The truncation point between the suspension 
and saltation populations, is highly variable, but generally occurs between 1 to 3 (j) for the 
sandstones of the Sidi Hakoma and lower Kada Hadar members, and between 1 to 0 (j) for 
sandstones of the Denen Dora Member. On the other hand, the truncation point between the 
saltation point and the coarser fraction of the DD-3 and the KH-3 sandstones generally occur 
between -2 to -1 (}) (Figure 11 and 12). The size range (from 0 to 3 (|)) in the saltation 
population strongly suggests a slope or sorting intermediate between deposits formed by 
suspension and those produced by oscillatory currents (Visher, 1969). 
Since the DD-3 sandstone is the most extensive and persistent body of sandstone in 
the region, a phi scale versus cumulative weight percent probability scale was plotted to see 
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Figure 11. Probability plots of Kada Hadar Member sandstones that are interpreted as 
fluvial (point bar) or as deltaic deposits (after Visher, 1969; Glaster and Nelson, 1974). 
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Figure 12. Probability plots of Kada Hadar Member sandstones that are interpreted as 
fluvial (point bar)or as deltaic deposits (after Visher, 1969; Glaster and Nelson, 1974). 
the lateral variation in grain size. In the western part of the study area, the DD-3 sandstone 
possesses at least three major populations; traction, saltation, and suspension, with a 
truncation point ranging from -1 (|) and 3 (j) (Figure 13). In the central part of the study area, a 
traction population is not present, and the truncation point between the saltation and 
suspension populations ranges between 0 and 3 (j). Whereas in the east, the DD-3 sandstone 
has a very narrow saltation and suspension population with a truncation point between 2 (j) and 
3 (|), which indicates that the DD-3 sandstone decreases laterally in grain size from west to 
east. 
Plots of mean size versus standard deviation are effective discriminators of 
depositional envirormients (Friedman, 1961; Moiola and Weiser, 1968). Moiola and Weiser 
(1968) boundary lines applied to the graphs of the sandstone samples of the Hadar Formation, 
and all the samples show a uniraodal distribution plotted in the river (fluvial) field (Figure 
14a). Likewise, skewness versus standard deviation is an effective discrimination between 
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Figure 13. Representative grain size distributions of the DD-3 sandstone of the Denen Dora 
Member showing grain size variation from west to east (transportation modes interpreted after 
Visher, 1969). 
beach and river (Friedman 1961, 1967; and Moiola and Wesier; 1968). All the sandstone 
samples of the Hadar Formation are again plotted within the river field (Figure I4c). Both 
Friedman (1961) and Moiola and Weiser (1968) discriminatory field environments are also 
used to differentiate the dune (eolian) from beach sandstone samples based on the graph of 
mean size versus skewness. The environmental field of Friedman (1961) and that of Moiola 
and Weiser (1968) show variable percentage plots in beach and dune environments. Based on 
the reproduced discriminate of Moiola and Weiser (1968), about 98% of the sandstone 
samples of the Hadar Formation are distributed with the beach field rather than river field and 
the other 2% of the samples fall within dune field (Figure 14b). When considering the 
reproduced boundary line of Friedman (1961), it was found that about 85% of sandstone 
samples are distributed in the dune field and the other 15% are plotted in the beach field. This 
variation is probably related to the discriminating fields drawn by Friedman (1961) and Moiola 
and Weiser (1968), neglecting the effects of local environmental conditions. 
Most of the commutative curves (Figure 11 and 12) and bivalent diagrams (Figure 14a 
and c) have shown a unimodal distribution, but a few cumulative curves and figure 14b show 
the presence of bimodality. This is perhaps indicative of a dual source of sands due to 
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wind activity in the region. Plots of skewness versus kurtosis. on the other hand, have shown 
no discernible environmental significance (Figure 14d) and all samples are labeled as beach 
rather than river. This environmental discrepancy is interpreted as due to poor environmental 
sensitivity of both skewnesses, particularly when plotted against each other (Moshrif, 1980). 
The cumulative curves and graphs of standard deviation versus mean size/skewness, 
and mean size versus skewness indicate that the sandstones were deposited by low energy 
stream systems. The few scattered points with negative mean size values may represent a high 
energy stream or conglomerate lags associated with low energy streams. The traaion 
population of the SH-3, DD-3 and BCH-3 sandstones indicate the introduction of high energy 
tributaries into a lower energ>' stream. The grain size variation of the DD-3 sandstone from 
west to east may reflect a gradual change from a low energy stream to a deltaic depositional 
environment. 
The graph of standard deviation versus mean size and skewness indicate river (fluvial) 
deposits are the major environments in the Hadar Formation. The Plot of mean size versus 
mean skewness provide the least information useful for environmental interpretation, however, 
it indicates that more silt and clay fractions were added to the original coarser sands by winds 
and/or ephemeral streams. It has been reported that dune (eolian) sands usually develop 
adjacent to fluvial channel sands in an arid region (Friedman, 1967; Moiola and Weiser 1968; 
Moshrif, 1980). The textural immaturity of the sandstones is consistent with a fluvial and 
deltaic environment in which little efifective winnowing of the sediments took place. The 
submature sandstones lacking clay are similar to clay deficient fluvial sands observed by Moss 
(1972) and Wilson and Pittman (1977) that were deposited by upper low flow and transitional 
(middle) flow regime currents. 
Composition 
The modal composition of sandstones of the Hadar Formation displays small amounts 
of lateral and vertical variability. The average modal composition is 3% quartz, 30% feldspar, 
67% rock fragments (Qtz 3 Plag 30 Rf e?) and 15% accessory minerals (Appendix D). These 
results, compared to those reported by Aronson and Taieb (1981) who examined samples 
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from SH-2 , SH-3. DD-3, and KH-2 sandstones indicate percentage of rock fragment is lower 
by 10 to 15 % and feldspar is higher by 5 to 10%. Using Folk's (1968) classification, the 
sandstones are litharenites and feldspathic litharenites (Figure 15). The sandstones of the 
Basal Member (BS-1 and BS-2 sandstones) are feldspathic litharenites ( Qtz jPlagzi Rfze) and 
litharenite (QtZ2 Plag25 Rfvs), whereas the sandstones of Sidi Hakoma Member (SH-I, SH-2 
and SH-3 sandstones) show little vertical variation, from litharenite to feldspathic litharenite 
(QtZ2 Plag26 Rf72, Qtz 3 PIag2i Rf 76to QtZ3 Plag4o Rfs?) (Figure 15). In contrast, the 
sandstones of Denen Dora Member ( DD-1, DD-2 and DD-3 sandstones) grade vertically 
from feldspathic htharenite to litharenite (Qtzs Plagso Rfe?, Qtze Plag22 Rf72 to Qtzj Plagu 
Rfss). There is also a great concentration of litharenite in the sandstones of the Kada Hadar 
Member (KH-1, KH-2, KH-3, KH-4 and KH-5 sandstones) with slight concentration towards 
feldspathic litharenite (Qtzs Plagij Elfgs, QtZ2 Plagn Rfsi, Qtz sPlagn Rfso to QtZ2 Plagg Rfgo, 
QtZo Plagi2 Rfr?. respectively). Above the regional unconformity, samples were taken 
randomly from KH-6, KH-7, KH-9 and KH-10 sandy conglomerates and all of the samples 
plotted near the boundary between litharenite and feldspathic litharenite (Qtzo Plagu Riin and 
QtZ2 Plag26 Rf72)- The KH-10 conglomerate, however, shows a high concentration of 
plagioclase and lies within the field of feldspathic litharenite (QtZ2 Plagsg Rfeo). 
Oligoclase and labradorite (An2o to Anfi?) are the primary plagioclase feldspars present 
as determined by oscillatory zoning and extinction angles of albite twin planes. Alkali feldspar 
(orthoclase) also occurs in minor amounts and usually comprises less ±an 3% of the 
sandstones. There is a vertical variation in feldspar content in the sandstones. Proceeding 
stratigraphically, there is a general increase upward from sandstones of Basal Member (BS-l 
and BS-2 sandstones) into the SH-3 sandstone. The upward variation is almost insignificant, 
but then it drops down in the DD-3 sandstone and decreases progressively upwards in the 
sandstones of the lower Kada Hadar Members (KH-1, KH-2, KH-3, KH-4, and KH-5 
sandstones). The feldspar increases gradually upward again in the sand matrix of the sandy 
conglomerates (KH-6, KH-7, KH-9 and KH-10 conglomerates) of the upper Kada Hadar 
Member. 
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Figure 15. Compositional classification of sandstone 
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Quartz is a nearly ubiquitous minor component of the sandstones of all members, 
averaging 2 % and ranging up to 7 %. Almost all quartz is pyramidal, suggesting that most is 
of volcanic rather than plutonic and metamorphic origin (Heinrich, 1965). Also, many grains 
possess embayments with straight sides and rounded comers which also suggest a volcanic 
source (Folk, 1974). Most grains also display concoidal breakage along the edges of the 
crystal face. Solution pitting was the only etching feature observed, indicating pore fluids 
were strong enough to etch the quartz grains. 
Augite is the most common mafic mineral present in all sandstones, averaging 6 %, 
and ranging from 3 to 12 %. The color varies from nearly colorless to light yellow and to 
shades of light greenish brown. Physical evidence of corrosion was present in varying degrees 
in nearly all augite. Almost all augite grains have hacksaw terminations as described by 
Edelman and Douglass (1932). A few grains appear to be more needle-like compared to the 
more hacksaw-like termination. Various degrees of etching occur on most augite grains, from 
surface pitting to etching in the direction of cleavage to randomly oriented fibrous etching. 
Visual comparison of 20 augite grains to the chart devised by Power (1953) indicates that the 
grains are subrounded to subangular (Table 4 and 5). A few grains also displayed a high 
degree of angularity and some were well rounded. Roundness standard deviation, a measure 
of roundness sorting, has been subdivided into classes (Folk, 1955). Limits for roundness 
sorting classes are a less than 0.70 = very good roundness sorting ; 0.70 - 0.90 = good 
roundness sorting; 1.10 - 1.30 = poor roundness sorting; over 1.30 = very poor roundness 
sorting. Almost all samples have good roundness sorting. The high degree of sorting 
indicates that most of the augite grains in each sample were probably derived fi^om similar 
source areas and transported by similar mechanisms (Power, 1953; Pettijohn, 1975). The 
angular and subangular grains were deposited on alluvial fans while as the rounded and 
subrounded grain were transported a relatively long distance from the source area before they 
were deposited (Russel and Taylor, 1973). However, many workers such as Krumbein and 
Rasmussen (1941), suggest that roundness is extremely sensitive to abrasion, and that angular 
grains change rapidly in degree of roundness during movement. A grain deposited on an 
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Table 4 . Power's roundness values (Power. 1955). 
Grade term Class inter\-al Geometric Mean 
ver>-angular 0.12-0.17 0.19 
angular 0.17-0.25 0.21 
subangular 0.25-O.35 0.30 
subrounded 0.35-0.49 0.41 
rounded 0.49-0..70 0.59 
well rounded 0.70-1.00 0.89 
Table 5. Augite grain roundness 
Sample # Roundness Numerical roundness values 
C-30-1 subrounded 0.3986 
B-4-1 subrounded 0.3723 
D-11-1 subangular 0.2967 
B-4-2 subrounded 0.3783 
B-22-1 subangular 0.1976 
A-6-1 subangular 0.2736 
F-21-1 subangular 0.2534 
A-8-1 subangular 0.2756 
B-29-1 subangular 0.2978 
A-19-1 subrounded 0.3673 
F-1-2 angular 0.2314 
F-l-l angular 0.2457 
F-lb-1 subangular 0.2578 
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alluvial fan could be easily changed to a well rounded grain if it is subjected to a greater 
degree of abrasion. 
Sparry calcite (10 to 16 n) is the major cementing agent of the sandstones and can 
comprise up to 60% of the rock. In the more friable sandstones, calcite occurs as scattered 
patches while in the well indurated sandstones it forms an interlocking mosaic within a 
disrupted granular framework. Iron oxide, silica, and barite cement occur less commonly, and 
generally comprise less than 0.5% of the rock. 
Rock fragments in the sandstones are mainly volcanic (including both porphyritic and 
aphanitic varieties). The amount of the rock fragments tends to decrease vertically and 
probably reflects decomposition and dissolution due to the weathering. Rock fragments 
decrease from 80% in the sandstones of the Basal Member (BS-1 and BS-2 sandstones) to 
50% in the sandstones of the Sidi Hakoma Members (SH-1, SH-2 and SH-3 sandstones) 
(Figure 16). The amount of rock fragments does not change significantly in the DD-I and 
DD-2 sandstone of the Denen Dora Member. However, they increase to about 80% in the 
DD-3 sandstone and in the sandstones of the lower part of Kada Hadar Member (KH-1„ BCH-
2, KH-3, KH-4, and KH-5 sandstones). In the upper part of the Kada Hadar Member, rock 
fragments decrease to about 40 % in the KH-9 and KH-10 conglomerates. There is also a 
decrease in rock fragments from the west to the east in the study area. The rock fragments 
range from medium to coarse-grained and are generally subangular to subrounded. The 
subrounded and spherical grains indicate that the fragments have undergone extensive 
abrasion during transport from the adjacent Western Ethiopian Escarpment. 
In order to understand the relative abundance of the source rocks, detailed 
petrographic studies were carried out on 53 sandstone and conglomerate samples. The main 
problem encountered during counting was accurate identification of veiy small rock fragments 
and then grouping them based on their mineralogical and textural similarities. The detailed 
identification of rock fragments within the volcanic field is tedious and time consuming, and 
during rock fragment point counting, complete identification of the rock fragments was not 
always possible. There were some samples with a high proportion of unidentified grains 
(Appendix B). However, most samples contained rock fragments with 
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Figure 16. Relative abundance of quartz, plagioclase and rock fragments in the sandstone. 
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distinct color, mineral composition and textural characteristics. This allowed for the grouping 
of the rock fragments into three end members: 1) acidic volcanic fragments; granular and 
trachytic textures with alkali feldspar matrix and phenocrysts; dominated by rhyolites, 
ignimbrites and trachytes (Rr), 2) basic volcanic fragments both aphanitic and porphyritic 
varieties; dominated by basalts and andesites (Rb), and 3) unidentified rock fragments (Ru). 
The results were normalized to 100% and plotted on ternary diagrams (Figure 17), as 
suggested by Zuffa, 1980; Ingersoll et al, 1984; Dickinson, 1985; and Critelli and Le Pera, 
1994). The sandstones of the Basal Member (BS-1 and BS-2 sandstones) are dominated by 
basalt/andesite fragments (Rvr27 Rvbes Rvpg and Rr2o Rbvo Ruio). Similarly, the sandstones of 
the Sidi Hakoma Member (SH-1, SH-2 and SH-3 sandstones) plot near the basic volcanic 
fragment end member (Rr22 Rbvs Rus, Rxzg Rbes Rus and Rrn Rbye Ru?, respectively). 
In contrast, the sandstones of the Denen Dora Member show differences in the 
abundance of the source rocks. The DD-l, DD-2 and DD-3 sandstones plot toward the acidic 
volcanic fragment end member (Rrss Rb42 Rps. Rtso Rb^s Rps and Rr72 Rbzi Ru?, respectively), 
although several of the DD-l sandstone samples posses near equal abundances of basic (Rb) 
and acidic (Rr) volcanic fragments. Most sandstones of the lower part of the Kada Hadar 
Member (KH-1, KH-2, KH-3 and KH-4 sandstones), possess high concentrations of acidic 
volcanic fragments (Rr54 Rb34 Ru^, Rreg Rb25 Rue, Rr?o Rb27 Rus, and Rr64 Rbss Rus, 
respectively), similar to the underlying sandstones of the Denen Dora Member. Aronson and 
Taieb (1981) have done a similar petrological analysis of five sandstone samples from the SH-
2, DD-3 and KH-2 sandstones. Their results indicate acidic volcanic rocks are more common 
than the basaltic types. The KH-5 sandstone of the lower part of the Kada Hadar Member, 
however, contains a higher percentage of basic rock fragments than other sandstone of the 
member (Rrss Rbse Ruu and Rr52 Rbss Ruu). In the upper part of the Kada Hadar Member, 
above the unconformity, the sandy KH-6 and KH-7 conglomerates contain almost equal 
amounts of basic and acidic rock fragments (Rr52 Rb45 Ru3 and Rr52 Rb46 Ru2, respectively), 
whereas KH-9 and KH-10 conglomerates are characterized by a higher concentration of basic 
volcanic fragments (Rxis Rb?9 Rue and Rjio Rbse RU4), much like the sandstones of the Basal 
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Figure 17. Ternary plots of the relative abundance of basic (Rb), acidic (Rr) and unidentified 
volcanic rock fragments. 
and Sidi Hakoma members. This documents a gradual change fi-om a dominantly 
basaltic/andesitic source during the deposition of the sandstones of the Basal and Sidi Hakoma 
members to a rhyolite/ignimbrite/trachyte source for the sandstones of the Denen Dora 
Member and the lower part of the Kada Hadar Member. A change fi^om a dominantly 
rhyolitic source back to basalt/andesite occurs again in the sandy conglomerates of the upper 
Kada Hadar Member, beginning with KH-6, but accelerating with KH-8. These variations 
indicate changing source areas through time that probably reflect tectonic changes affecting 
the source region. 
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Heavy mineral analysis of sandstones 
Of the 200 sandstone samples collected from the Hadar Formation, thirty-two 
representative samples were selected for heavy mineral analysis on the bases of field information 
and stratigraphic position. 
Heavy minerals have been studied using many procedures and techniques (Carver, 1971; 
Millner, 1962; Mathisen, 1977 and Christman, 1980). A modification of the methods of Mathisen 
(1977) and Christman (1980) was used in this study. In the initial stage of preparation, the samples 
were crushed by hand with porcelain mortar and pestle. This was followed by grain size separation 
into three size fractions (coarse sand, 500-250 jam; fine sand, 250-125|im; and very fine sand; 125 -
63|im). It is advantageous to study one grain size, because the optical properties of mineral grains 
of a uniform size are constant (Rubey, 1933; Rittenhouse, 1943, GiflBths, 1967;Milner, 1962; 
Hubert, 1971, Mathesin, 1977 and Christman, 1980). The fine sand fraction (125fa-250|j,) was 
chosen for the heavy minerals analysis of the Hadar Formation sandstones. A number of factors 
were considered in this decision. First, figure 18 shows that the fraction between 125-250 |j, 
contains a higher percentage of heavy minerals, averaging 12.3 % with a range from 0.2 to 2.22 % 
(Appendix E). In contrast, the size fractions between 250-500 ji, and 63-125 |i contain significandy 
less heavy nainerals averaging 4.92 % and 8.15% each, with the range of 0.51 % to 18.03 %, and 
0.16 % to 21.54 %, respectively. In addition, the fine sand size had a greater variety of heavy 
minerals than the very fine and coarse sand fractions, so it was considered to be compositionally 
representative of the total heavy mineral fraction of the sample. Furthermore, optical properties 
such as color and pleochroism were more easily observed in the fine sand fraction than in the 
coarse (Carver, 1971). 
The standard bromoform procedure was used to separate the heavy fraction from the light 
fraction (Carver, 1971; Griffiths, 1967; Mathisen, 1977; Christman, 1980). In order to simplify the 
identification, all of the magnetic minerals were removed with a hand magnetic as suggested by 
Mathisen (1977) and Christman (1980). These were entirely magnetite, and were weighed to 
determine weight percent. Further separation was done by using electromagnetic techniques. As 
recommended by Mathisen (1977) and Christman (1980), tilt and side slope were set at 12.5 
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degrees and currents of 0.05, 0.2, 0.4. 0.5, and 135 amps were used. Grain mount thin sections 
were made, using lakeside 70 as the mounting medium. 
Mineraiogy of heavy minerals 
Bulk heavy mineral determination was done for a few samples by X-ray diflfractometry as a 
guide to the types of heavy minerals present in the samples. The X-ray analyses indicated that 
augite, and magnetite were the primary heavy minerals with sphene, hypersthene, epidote, rutile, 
apatite and zircon as rare components (Figure 19). The samples were homogenized ageiin and 
mounted on thin sections to determine the heavy mineral associations and distributions in vertical 
stratigraphic sections and other basic properties, such as, color, birefringence, pleochrosim, optic 
sign, and optic angles. 
Augite Augite is the most abundant heavy mineral in the Hadar Formation, averaging 75 
% of the heavy fraction. It varies in physical and optical properties. The color ranges from 
nearly colorless to shades of green brown. Augite grains that are heavily etched are a pale shade of 
green. The degree of etching ranges from surface pitting to full dissolution in which case all that is 
left are hacksaw terminations (Figure 20). Almost all augite grains showed hacksaw termination as 
described by Ross (1929) and Edelman and Douglas (1932). The scale of these varied 
considerably from barely observable to highly etched. 
Magnetite Magnetite is the second most abundant component of the heavy mineral 
fraction occurring in tlie sandstones throughout the area. It constituents from 10 to 50% of the 
samples analyzed. The form varies from very angular equant grains to subeuhedral and well 
rounded equant grains exhibiting conchoidal fracture. 
Sphene Sphene is the third most common heavy mineral, averaging 6 % of the heavy 
mineral fractions. It is identified by its shape, high relief^ and strong birefiingence. The grains are 
colorless to a slightly pale brown and are not pleochroic. Sphene occurs in shapes ranging from 
euhedral to rounded equant grains. Conchoidal fractures are a common feature. Most of 
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Figure 19. X-ray diflfraction tracing of heavy minerals in selected Hadar Formation 
sandstones (d-spacing are given in A) 
the sphene crystals were almost colorless and nonpleochroic, but several were observed to have a 
light brown tint and coloriess to orange pleochrism. 
qinozositfr-epidote Clinozosite-epidote crystals are the fourth most abundant heavy 
minerals. They are mostly coloriess to pale blue, or yellow-green in color. They range from about 
1 to 12 % in abundance. Equant conchoidally fractured grains usually display perfect cleavage. 
Coloriess inclusions or gas bubbles are present in many grains, giving a porous appearance. The 
grains are usually subangular although some are well-rounded equant grains. 
Zircon Zircon occurs in most sandstone samples in concentrations less than 0.5 % 
percent. It is usually rounded to subrounded and colorless to light pink. Fluid inclusions are rarely 
present. 
Figure 20. a) augite, final step in solution process; the hacksaw terminations 
almost meet each other; 
b/ augite, sharp hacksaw termination; development of ropy appearance 
grain surface 
c) and d) augite, conchoidial fracture of grain termination 
e) augite, light gray, rounded hacksaw termination 
fi' augite, elongate pitting along cleavage face 
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Apatite Apatite is present in a few samples investigated. It usually comprises less than 
0.5 % . It is colorless and usually subrounded to well rounded, and less commonly equant and 
rounded. 
Hvpersthene. hornblende and biotite These minerals together occur in quantities of 
not more than 2% of the heavy mineral fraction,. The most easily recognized properties of 
hypersthene are the parallel extinction and solution features. The grains are predominantly 
subangular and prismatic in form. Hornblende is present in two samples, ranging from nearly 
colorless to yellow, green and dark green. Biotite is yellowish brown and present only in two 
heavy mineral fractions of the DD-3 sandstone. 
Heavy mineral associations 
The mineral assemblages of the Hadar Formation may be grouped into sk different 
associations; augite, augjte-magnetite, magnetite-augite, augite-magnetite-epidote, magnetite -
augite-epidote, and augite-magnetite-hypersthene/homblende associations. 
Augite Associations Seventy percent of the sandstone samples from the Hadar 
Formation belong to the augite association. It contains less than 20 % magnetite and between 80% 
and 90% augite (Figure 21). Ilmenite, clinozosite-epidote, and hematite constitute less than 5%. 
Augite -Maynetite Association This association consists of 60 % to 80 % augite and up 
to 35 % magnetite. Epidote, sphene, rutile and zircon compose less than 3 %. 
Augite-Epidote- Association Augite is by far the most abundant heavy mineral in this 
association with epidote averaging of 7%. Sphene, zircon, rutile, and magnetite are present in 
amounts that comprise less than 3 % of the total. 
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Figure 21. Continued. 
Magnetite - Augite - Eoidote Association In this association magnetite occurs in 
amounts of up to 70 %. Augite constituents from 15 % to 23 %. Epidote ranges from 3 to 8% of 
the heavy mineral fraction. 
Augite -Magnetite-Hvpersthene/Hornblende Association The augite-magnetite-
hypersthene/homblende association is the least common association in the Hadar Formation 
comprising only 3% of the total. Augite is by far the dominant mineral averaging 65 % of the 
heavy fraction while magnetite averages 35 %. Hornblende and hypersthene are minor 
constituents, occurring together in amounts of not more than 2 %. This association could be 
grouped under augite-magnetite; however, the unique presence of hornblende and hypersthene 
justifies the recognition of this association. Sphene, apatite, and zircon are present and occur 
occasionally in trace amounts. 
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Distribution of heavy minerals associations 
Slight variations in the distribution of heavy mineral associations are present in the 
sandstones of the Hadar Formation. Augite associations occur primarily in sandstones of the 
Denen Dora Member (DD-1, DD-2 and DD-3 sandstones) and in all sandstones of the lower part 
of the Kada Hadar Member (KH-1, KH-2, KH-3, KH-4, and KH-5 sandstones) (Appendix G). 
In contrast, nearly all the sandstones of the Basal Member (BS-1 and BS-2 sandstones) and the 
lower sandstone of the Sidi Hakoma Members (SH-1 and SH-2 sandstones) and the conglomerates 
of the upper part of the Kada Hadar Member (KH-9 and KH-10 conglomerates) contain augite-
magnetite, magnetite-augjte, and magnetite-augite-epidote associations. The augite-magnetite-
hypersthene/homblende association occurs only in the DD-3 and KH-3 sandstones of the Denen 
Dora Member and the lower part of the Kada Hadar Member, respectively. 
Examination of thin sections of the heavy minerals, however did not shed any additional 
distinctions in these heavy mineral associations. Several workers (Folk, 1954 and 1968; Pettijohn, 
1975) have used ternary diagrams to show the variation and distribution of heavy minerals. 
Utilizing this method, augite and magnetite were selected as two end members because they were 
the most common heavy minerals and epidote, which occurs randomly in the most of the samples, 
was selected as the third end member. All three minerals were normalized to 100 percent and 
plotted on ternary diagrams. The sample plots near the augite end member assigned to the augite 
association suite. Similarly, the samples that plot between augite and magnetite assigned to the 
augite-magnetite association suite, and those samples which plot near the magnetite end member 
are to the magnetite association suite (Figure 22). From this, it was found that magnetite-augite 
and augite-magnetite were the most common heavy mineral associations present in the sandstones 
of the Hadar Formation. All samples from the Basal (BS-1- BS-2 sandstones) and Sidi Hakoma 
members (SH-1, SH-2, and SH-3 sandstones) show the presence of both augite and magnetite 
associations, or tend to show augite and magnetite suites, or are intermediate between the two 
suites (magnetite-augite and augite-magnetite associations) (Figure 22). Epidote was slightly more 
abundant in these two members as compared to other members, and this may represent the 
presence of augjte-magnetite-epidote suite in these sandstones, in addition to the augite and 
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Figure 22. Ternary plots showing the heavy mineral associations in the sandstones of the Hadar Formation. 
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magnetite suites. Similarly, the samples from the Denen Dora Member (DD-1, DD-2 and DD-3 
sandstones) and the lower part of the Kada Hadar Member (KH-I, KH-2, KH-3, KH-4, KH-5, 
KH-6 and KH-7 sandstones) have also been plotted on ternary diagrams (Figure 22). The augite 
suite dominates most samples, but a few samples contain high amounts of magnetite, representing a 
magnetite and augite-magnetite association. The heavy mineral data of the KH-9 and KH-10 
conglomerates of the upper part of the Kada Hadar Member indicate the presence of the augite-
magnetite suite with a few samples occurring between augite and magnetite where both end 
members are equally important. Sphene, hypersthene, and hornblende were not selected as end 
members for normalized ternary diagrams. Sphene is distributed almost equally in all samples and 
did not show a distinct vertical variation. Hypersthene and hornblende occurred only in the Denen 
Dora (DD-3 sandstone) and the Kada Hadar (KH-3 sandstone) members with large concentrations 
of augite and magnetite. This may represent the augite-hypersthene /homblende and augite-
magnetite- hyersthene /hornblende suites. 
The absence of distinctive associations of heavy minerals within the study area may be 
related to the geology of the adjacent escarpments and the tectonic activity affecting them. Several 
types of pre and post-rift volcanic rocks that could have supplied these minerals are well exposed in 
the Western Ethiopian Escarpment as well as within the rift floor. All have very similar accessory 
mineral assemblages. These rocks have a strong influence on the type and distribution of heavy 
mineral associations of the sediments of the Hadar Formation. 
Mudrocks 
Texture 
Particle size analyses of forty-eight mudrock samples, utilizing the pipette method (Folk, 
1974) were conducted to gain an approximation of the percentage of clay-size material present. 
The massive to blocky varieties of the mudrocks of the Basal, Sidi Hakoma, and Denen Dora 
members, and the lower part of the Kada Hadar member are primarily sandy claystone and sandy 
mudstone as defined by Folk (1974) and Blatt et al. (1980) (Figure 23). The clay (< 2 |n) content 
of the massive mudrocks averages about 49%. Sand, silt and clay percentages range from 9% to 
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24%, 15-55% ,and 31-71%, respectively (Figure 23 and Appendix H). The average grain size of 
the mudrocks is 7.22 (j) (fine silt) and the average standard deviation is 2.88 (j) (very poorly sorted). 
Several thin fissile shales are present in the Basal and Sidi Hakoma members and in the 
lower part of the Kada Hadar Member. They show slight variations fi'om the massive to blocky 
counterparts (Figure 24). According to Folk's (1974) textural classification, they are mainly sandy 
claystones with some claystone and sandy mudstone. (Figure 24). The clay content of the fissile 
shale of the Sidi Hakoma Member is much higher (averaging 81.5 %) than that of the fissile shales 
of the Basal Member and the lower part of the Kada Hadar Member, which average 66% and 
53.2% (Figure 23), respectively. The mean grain size of these fissile shales is 8.43 (j) (clay) and the 
average standard deviation is 2.17 (very poorly sorted). 
In contrast, the mudrock varieties of the upper part of the Kada Hadar Member show a 
different textural property. All the 13 samples analyzed fall into the sandy siltstone field of Folk's 
(1968) textural classification (Figure 23). The average mean grain size is 6.27 ({) (medium silt) and 
the average standard deviation is 0.55 <j) (moderately sorted). The average clay content is less than 
0.4%, ranging fi'om 0.03% to 1.01 %. This is considerably lower than that of the massive and 
laminated mudrock varieties of the Basal, Sidi Hakoma and Denen Dora members and the lower 
part of the Kada Hadar Member. 
The massive to blocky mudstones of the Hadar Formation have a mean grain size of 7.22 (() 
(fine silt) and standard deviation of 2.88 (j) (very poorly sorted) suggesting that they were deposited 
fi-om suspension on the floodplain of a fluvial system. Such poor sorting results when there is little 
reworking of the sediment after deposition (Pettijohn, 1975). The laminated mudstones have a 
mean grain size of 8.43 cj), and a standard deviation of 2.17 (}> (very poorly sorted) also 
suggesting deposition from suspension. The high percentage of clay in these samples suggests 
quite water deposition. The mudrocks of the upper part of the Kada Hadar Member are 
moderately sorted, which indicates active reworking of sediments after deposition, e.g. by 
aeolian processes. Sediments deposited by the wind usually contain less clay and have a 
higher sand content (Friedman, 1991) which is compatible with these mudrocks. 
Figure 23. a) Folk's (1968) classification of mudrocks, b) Mudrocks of the Hadar Formation 
using Folk's scheme. 
Mudrocks 
90 -
80 ^ 
« 70 -o> 
3 
C 60 -0) 
2 • 0) 50 -
a i 
40 T 
30 -
flssile shale 
upper Kada Hadar 
(above disconformity surface) 
20 
10 r 
«  «  M  <7 5 i 
SidI Hakoma Member DcncnDora McmtMr Lower and MIddh Kada Hadar MatrtMr 
Basal Mcinbcr Stdl Hakoma Mcnibtf Kada Hadar Mcmbtr 
Figure 24. Clay size (< 2 |a) content of the mudrocks of the Hadar Formation 
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Composition 
Since clay minerals are extremely fine grained, they can be distinguished by using X-
ray diffraction supplemented by differential thermal analysis (DTA), and major element 
chemical analysis. These were carried out to determine the mineralogical composition of the 
mudrocks. 
X-ray difTraction 
Randomly twelve samples were selected from the Hadar Formation and were first 
analyzed without removing the carbonates and organic matter and with ethylene glycol 
treatment. This procedure resulted in peaks representative only of smectite (14.93 A to 15 .63 
A when air dried and from 16.25 A to 17.1 A when treated with ethylene glycol and from 9.33 
A to 9.69 when heated to 500 "C) (Figure 25). The same samples were subsequently treated 
with H2O2 to remove carbonates and organic matter following the procedure outlined by 
Wilson (1987). The samples were then mounted on a glass slide and bombarded with X-ray 
CuKa radiation to give a chart with an X-ray plot of diffraction angles verus intensity. The 
samples treated with H202show the presence of smectite which is expanded from 11.9 A to 
17.84 A, which is slightly different from the peaks determined by the first technique (Figure 
26). The second, third and fourth orders of this peak are represented by basal reflection of 8.9 
A, 5.9 A and 4.6 A respectively. The third order peak (3.3 A) heated at 550°C overlaps with 
the quartz peak at 3.3 A By heating the samples to 550°C, the sample thickness was reduced 
from 17.84 A to 9.9 A, and the second, third and fourth order peaks were destroyed. 
The weak peak at 7.14 A in the X-ray pattern is due to kaolinite, but heating the 
samples to 550°C destroyed the first (7.14 A) as well as the second (3.5 A) order peaks of 
kaolinite in the samples. These peak values are not shown by the first technique (Figure 25). 
Other than clay minerals, quartz, calcite and feldspar (plagioclase and orthoclase/microcline) 
are often present as a minor component (Figure 26). Quartz yielded a strong powder 
diffraction pattern with a sharp peak for both techniques, at 4.25 A and 3.33 A (Figure. 28). 
The feldspars (plagioclase and microcline) are indicated by poorly defined peaks that result 
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Figure 25. X-ray diffraction pattern of mudrocks (d-spacing are given in A). 
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Figure 26. X-ray diffraction patterns of mudstones (<2 um size fractions). 
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from both techniques, at 2.96 A (Figure 26). Calcite is also present in the clay fraction peak at 
3.03 A. 
Differential thermal analysis (DTA) 
DTA was carried out on two massive to blocky mudrock samples. The DTA curves 
for the samples show a well-defined endothermic peak at low-temperature ranges of 650 to 
700 "C that resemble the dioctahedral smectites (montmorillonite) (Figure 27). A poorly 
defined endothermic peak is also observed at a temperature range of450 to 550 "C. Smectite 
generally displays a wide range of composition and shows a great variety of thermal effects. 
Grim and Kulbicki (1961) carried out differential thermal analyses on this mineral, and they 
show that on the basis of thermal curves one can distinguish two kinds of dioctahedral 
montmorillonite, the "Cheto" type montmorillonite and the "Wyoming" type montmorillonite. 
Theoretically, there are three thermal process changes that impact minerals of the 
montmorillonite group. The first marks the endothermic effect, which appears between 100 to 
200 and represents a substantial mass loss that results from removal of absorbed water. 
The second effect is also an endothermic change due to loss of water which results in the 
removal of hydroxyl groups from the structure of the minerals. This effect usually occurs 
between 670 to 700 "C. The last effect is exothermic and occurs at around 900 "C, and 
involves the release of hydroxyl groups which had not been fiilly removed at lower 
temperatures. The endothermic low temperature range (100 to 120 °C) and the 
endothermic/exothermic high temperature range (650 to 700 "C) correspond to the theoretical 
di-smectite (montmorillonite), whereas, the intermediate thermal effect is not seen on the DTA 
curves of these samples. A poorly defined endothermic effect at temperatures between 450 
to 550 "C is reported in many di-semectites (Brown, 1988). The "Wyoming" type 2 
montimorillonite has three endothermic thermal effects occurring at 170 "C, 550 "C, and 860 
°C, (Grim and Kulbicki, 1961). 
On the basis of thermogravimeteric (TG) curves, it is also possible to establish how the 
mass of the samples varies under the influence of thermal energy. For instance, by observing 
the TG curves of the samples on figure 27, it is possible to see three poorly separated ranges 
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Figure 27. DTA, TG and derivative TG curves of the mudrock 
of mass modification: 12.6 mg at 180 °C, 12.1 mg at about 480 °C and 11.8 mg at 650 °C 
(Figure 27). Ail of the samples have a horizontal TG curve at 700 °C. The horizontal parts of 
the TG curve are significant in the determination of the thermal stability of a compound 
(Makenzie, 1970). However, the TG curves of the samples have almost no horizontal 
segment (except at temperature range 700 to 1000°C). Rather they are represented by a 
gradual decrease in mass with increasing temperature. 
Chemical analysis 
Major element analysis was carried out in order to calculate the structural formulae 
and identify distributions of cations in the clay structures (Bain et ai, 1980). Four massive 
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mudrock samples of the Sidi Hakoma Member from the Ounda Hadar section (Table 6) were 
analyzed using X-ray florescence (XRF) at the Ethiopian Institute of Geological Surveys 
(EIGS). In addition, eight mudrock samples (massive to blocky) from the Sidi Hakoma 
Member have been analyzed by Malis and Tebebe (1978) for bentonite reserve calculations 
(Table 7) and these results were also used in this study for structural formula calculations. 
Clay size less than one micron was chosen for analysis, since there is less possibility of 
obtaining impurities of other crystalline components, such as quartz and feldspar (Bain and 
Smith, 1987). 
Using chemical results from these 11 samples the structural formulae of the clay 
minerals were determined first by calculating the equivalent cation for each oxide, then by 
calculating the gram equivalent of a cation in a total of 44 charges. Finally the atoms per unit 
cell were calculated for all samples (Brown et ai, 1978). Based on the procedure of Brown et 
al. (1978), all Si"*" cations were assigned to tetrahedral sites, and the remaining eight sites, 
were filled with Al'* cations. The remaining Al"* ions, Fe^*, and Mg^' cations were assigned 
to octahedral sites. All Ca^*, Na, K, Ti^* and Mn^' are exchangeable cations and were 
assigned between alunimosilicate layers (Brown et ai, 1978). The final structural formulae of 
all samples are listed in Table 8. 
These structural formulae show the composition of the octahedral and tetrahedral 
sheets, the location of the layer charge, and the amount of exchangeable cations (Weaver, 
1989; Brown et ai, 1978). Almost all the samples have a layer charge between 0.25 and 0.56 
(Table 9), indicating the presence of montmorillonite clay minerals and the samples with a 
layer charge greater than 0.6 are most probably beidellite. The exchangeable cations have an 
average value near 0.53 (values range from 0.2 to 0.68). This suggests that the clay minerals 
are either montmorillonite or beidellite (Weaver, 1989). The total number of octahedral 
cations for most of the samples is greater than three. However, most structural formulae have 
a total value of 2.00 octahedral cations (Weaver and Pollard, 1973; Weaver, 1989). It is not 
known if values greater than 2.00 are real or due to impurities. Weaver (1989) suggested that 
Si, Al, Fe, and/or Mg are commonly occur as oxides or in the interlayer position, and it is 
likely that values larger than 2.0 indicate impure samples. 
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Table 6. Chemical analysis of mudrocks 
Sample# Si02 .\feOj FeiO, MnO TiO, CaO MgO NaiO K:0 H:0 LOI 
D-1-1 53.5 19.10 6.01 1.71 0.012 1.44 2.05 1.67 0.05 9.8 5.4 
S-12-1 48.02 9.37 10.49 
-
0.55 4.24 3.26 
-
1.42 12.45 8.56 
S-10-1 48.78 13.42 8.78 0.1 1.50 4.12 2.80 1.32 1.40 8.12 9.76 
B-23-1 54.23 12.90 9.10 0.11 1.40 1.90 2.50 1.76 1.1 10.33 6.05 
Table 7. Chemical data of mudrocks analyzed by Malis and Tebebe (1978) for bentonite 
reserve calculations. 
Sample s Si02 .A1:0, FeiOi NlnO ria. CaO MgO NaiO K:0 H:0 LOI 
154618 46.4 12.5 9.5 0.1 1.1 6.0 3.1 1.1 1.1 10.9 9,9 
154619 49.9 13.9 9.5 O.l 1.5 2.3 2.7 1.4 1.2 11.2 6.6 
54630 51.7 14.0 9.6 0.1 2.1 2.7 2.3 2.3 1.4 8.6 4.9 
154631 523 13.4 9.4 0.1 l.l 1.6 2.8 1.5 1.1 11.3 6.5 
154632 58.7 11.3 8.3 0.1 1 1.4 2.4 1.5 0.8 9.8 5.7 
154629 49.2 13.9 8.7 0.1 1.6 3.7 2.7 1.4 1.5 10.2 7.1 
154628 49.6 13.4 8.3 0.1 1.8 4.4 2.7 1.4 1.8 8.6 7.8 
Table 8. Calculated structural formulae for mudrocks. 
Sample # Structural Formulae 
B-23-1 (Si- 6J4AI0 351 i(Al-leeFco 339 ^'^^ooo9 Tio r Mgo 612) 02o(OH)4(Cao - Ko 94Nao 19) 
D-l-l (Si- ^ Alo —) (All 6: Ffii 02 Mno is Mgi 0) (Cao 1 0;o(OH)4 3; (Mgo 35 Ko igNoo (Xi) 
S-12-1 (Sifi 68 All 3") (AI31J Fco 01 Tio 04 ^Ino 00; Mgo 4) 02o(OH)4 (Cao 5; Ko 1 Mgo is) 
S-IO-1 Si- 99 Alo 01) (Al;^ Fco93 Mno 05 Tio 16 Mgo 55) O20(OH) (Cao 3 Ki 03 Nao 25) 
15461 Si- 3-:Alo 53) (All -;Fco gsMno oe Tio :i Mgo 6") 0;o(OH)4 (Ca; 0: Ka 0 uNao r) 
154619 (Si-64 Alo 36) (AI2.05 Ffii 08 Mnooo9 Tio r Mgo 21) 0;o(OH)4(Cao 62 Ko 121 
154630 (Si- 58 Alo 42) (All 99 Fci 05 Mno 15 Tio 3 Mgo 5) 0;o(OH)4(Cao 42 Ko 13 Nao 32) 
154631 (Si7-9 Alo21) (A1;,I4 Fci06 Mnooi Tioi Mgo62) 0;o(OH)4(Cao^5 Kou Nao21) 
154632 (Si? -s Alo 21) (All 54 Feog3 Mnoog Tio i Mgo4T) 0;o(OH) (Cao 2 Kooe Nai 9) 
154629 (Si- - Alo 3) (Al;^:^ Fsi 03 Mho o? To 19 Mgo 62) O20(OH)4 (Caoe; K0-9 Nao 21) 
154628 (Si- 53 Alo 4") (All 96 FCo 9; Mno 006 Tio 2 Mgo 62)(C 0;o(OH)4(Cao 74 Ko ig Nao is) 
Table 9. Calculated layer charge and octahedral cations of the mudrocks. 
Sample # Layer Charge 
(meg/lOOg) 
Octahedral Cation 
(electrons per unit cell) 
B-23-1 0.371 3.011 
D-l-l 1.37 0.44 
S-12-1 0.45 3.570 
S-10-1 0.1 3.706 
154618 0.681 3.34 
154619 0.364 3.34 
154630 0.42 3.54 
154631 0.241 3.82 
154632 0.241 2.84 
154629 0.3 3.92 
154628 0.03 3 .5  
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The composition of the clay minerals indicates that most of the Hadar Formation 
mudrocks mainly contain dioctahedral smectite (montmonillite and/or beidellite) and trace 
amounts of kaolinite. At low temperature, smectite will form under alkaline conditions while 
kaolinite will tend to form under nonalkaline conditions (Keller, 1970). The abundance of 
smectite suggests that alkaline conditions prevailed in the mudrocks and that most are 
bentonitic. The absence of vermiculite and chlorite suggests that the degree of weathering 
was not advanced enough to change the existing smectite rich soil in the Hadar Formation and 
in the Ethiopian highlands. Illite was reported by Tiercelin (1986), but it was not observed 
here in this study. The non-clay constituents, such as quartz and feldspar, were probably 
originally phenocrysts in the parent volcanic ash. 
Carbonates 
Because of the lack of mineralogical variations, the carbonates of the Hadar Formation 
are separated into three types; 1) arenaceous bioclastic carbonates; 2) arenaceous micrites; 
and 3) arenaceous biolithites. 
The arenaceous bioclastic carbonates consists of gastropods (Bellamya sp., Kilopastra 
sp., Cleopatra sp., Pellipids sp., Melania sp., of Tiercelin, 1986) and pelecypods {Corbicida 
sp. and Nyassimio sp.) bound together by coarsely crystalline (sparry) calcite cement or by a 
matrix of micrite. The bioclasts occur either as unabraded whole or abraded disarticulated and 
broken shells. They comprise up to 70 % of the rock. According to Folk's classification 
(1959, 1962) the carbonates are biosparrudites or biomicrudites. Sparry calcite (10 to 16 |i) 
occurs as cement in these rocks and inside gastropods as a cavity filling. It constituents fi-om 
33% to 62% of the rock. X-ray diffraction patterns show a high concentration of calcite, 
represented by 3.01 A, 2.24 A, 2.02 A, 1.87 A and 1.59 A, first to fifth order calcite peaks 
(Figure 28). Peaks at 2.47 A and 1.87 A are probably dolomite. 
Arenaceous, microcrystalline carbonates are classified separately fi-om the arenaceous 
bioclastic carbonates due to total absence of allochems. These carbonates are composed 
entirely of intraclastic rock fragments, feldspar, and clinopyroxenes, cemented by a matrix of 
very fine caicite (< 5 ja) (Figure 28). They are classified as carbonates only because calcite 
comprises more than 50% of the rock. The "Pink Marl" of the Sidi Hakoma Member is of 
this carbonate type. X-ray diffraction patterns shows a high concentration of calcite similar to 
that of the arenaceous bioclastic carbonates. It is represented by 3.01 A, 2.24 A, 2.02 A, 1.87 
A and 1.59 A peaks (Figure. 28). Plagioclase is indicated by peaks at 3.78 A to 3.76 A and 
orthoclase at 1.87 A, overlapping with the calcite peak position. The 2.29 A to 2.25 A peaks 
indicate the presence of quartz in most of the samples. 
Some of the carbonates of the Hadar Formation, in particular those in the lower part 
of the Kada Hadar Member, consist of algal stromatolites that grew in place and formed a 
coherent, resistant mass during growth. These rocks, because of their unique mode of 
genesis, are classified as algal biolithite (Folk, 1959). Larger crystals of calcite (10 to 20 n) 
partially fill the numerous pores that occur throughout these rocks. 
A practical subdivision of carbonates indicates the types of energy and depositional 
environment. Both bioclastic and intraclastic constituents are equivalent to the well sorted 
terrigenous conglomerate and sandstone, in that solid particles (gastropods, pelecypods or 
intraclasts) have been heaped together by a strong, persistent currents. The formation of 
arenaceous biolithites has been discussed by Black (1933), who proposed that the carbonate 
units were formed by sediment-binding algae. The algae secrete filaments that trap and bind 
very fine-grained detritus, and as growth of the algae continues, laminations are formed. The 
morphology of the stromatolite structure depends on the fi-equency of wetting and the energy 
of destructive processes working on the algal mat (Logan, 1960). 
Tuffs and bentonitic tuffs 
Tuffs and bentonitic tuffs of the Hadar Formation are widely distributed in the study 
area. Glassy shards (fi-agmented pumice) constitute fi-om 40% to as much as 95% of the tuffs 
(Aronson and Taieb, 1981; Walter and Aronson, 1982). The remaining 5 to 10 % is made of 
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Figure 28. X-ray diffraction of carbonate. 
phenocrystic or detrital quartz, feldspar, augite, zircon and opaque minerals (Aronson et aL, 
1977; Walter, 1981; Walter and Aronson, 1993). 
Considerable variation in the degree of alteration is evident within the same tuff 
horizon as well as from one tuff to another. The Sidi Hakoma Tuff (SHT), for example, in 
most localities, is entirely altered to a pale yellowish orange bentonite, which resulted from the 
alteration of fine-grained glass shard (Walter and Aronson, 1982). At Kenia Koma, it is 
preserved as a 3 to 4 m thick lens in a 60 m to 80 m wide channel that cuts through the BS-2 
sandstone of the Basal Member. Here the tuflf consists of almost 100% glass shards that range 
in diameter from 2 phi to less than 8 phi, but average 5 phi (very fine sand). The shards range 
in shape from very angular compact to delicate elongate shards. The X-ray diffraction pattern 
of the highly altered SHT shows high intensity reflection for smectite with a 15.09 A basal 
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spacing (Figure 29). The medium intensity reflections at 4.23 A, 3.82 A and 3.32 A are 
sanidine, orthoclase/ anorthoclase, and quartz, respectively. 
Similarly, the Triple Tuffs (TT) vary fi^om strongly altered tuff to bentonite (Walter, 
1994 ). Pumice fragments are locally present. They vary in diameter fi-om 8 phi to as much as 
-2 phi and are well rounded, spherical to roller shaped particles. They often contain a 
considerable amount of secondary calcite. The Kada Hadar Tuff (KHT) also shows various 
degrees of alteration. Megascopically, the most altered tuff is usually pale yellowish orange to 
very pale orange, while the unaltered tuff is primarily light gray to very light gray. The X-ray 
diffraction pattern of the BCHT is similar to that of the SHT. The 8.83 A peak is a second order 
basal spacing of smectite occurring at a lower order reflection. The KHT exposed along the 
Farsita drainage is preserved as a 2 to 6 m thick and 3 to 5 m wide multistoried channel fill 
deposit. At Merketa Negeria Koma, the KHT also occurs as a chaimel fill deposit. Here it is 
5 to 6 m thick and 30 to 40 m wide. These KHT charmel deposits consist entirely of unaltered 
fresh glass shards. 
The Bouroukie Tuff 1 (BKT-1) has a mineral composition that is similar to the altered 
SHT and KHT. It is yellowish gray (5Y 7/2), and contains randomly oriented glass shards 
with sharp edges and angular terminations. Clay aggregates and surface alteration are also 
visible. Like other tuffs, in this study it has high X-ray reflection intensity at 14.59 A and 3.01 
A and medium reflection intensity at 4.23 A. On the other hand, the Bouroukie Tuff 2 (BKT-
2) is a primary, crystal-rich tephra, with virtic and lithic varieties (Walter, 1981). 
Anorthoclase grains are a dominant component of the crystal tuffs, while volcanic rock 
fragments, bipyramidai quartz, glass shards, augite, hypersthene, magnetite and illmenite are 
common constituents. The vitric tuflf varieties consist of glass shards with typical Y-shaped 
characteristics of bubble wall junctions and angular crystals of feldspar (Walter and Aronson, 
1982). The glass shards are unaltered to completely altered. 
The Farsita Tuff (FRT), in contrast, contains significant amounts of fi'esh glass shards 
in exposures along the Farsita and Bouroukie drainages. At these localities, it is composed of 
90% to 95% glass shards with minor amounts of augite and rock fi-agments. Along the 
eastern side of the Kada Hadar drainage, it is strongly altered to a pale yellowish brown clay 
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Figure 29. X-ray diffraction tracing of tuffs (d-spacing are given in A). 
that formed from the alteration of the glass shards. The Bouroukie Tuff 3 (BKT-3) and the 
Dahuli Tufif (DHT) consist of the same mineral composition as the Farsita Tuff (FRT), that is 
they are highly vitric with glass shards, quartz, plagioclase, augite and some altered pumice 
fragments. The two tufifs show major variations laterally in texture and in the degree of 
alteration. The BKT-3, for instance, is strongly altered and reworked to some extent by the 
wind, and probably mixed with fine silt derived fi^om adjacent floodplain muds that were 
exposed during deposition. The tuflfs generally have an average grain size in the very fine 
sand range. The glass shards vary in the degree of alteration from unaltered fresh appearing 
shards to bentonitic shards with secondary calcite. The larger shards are angular to 
subangular while the smaller ones are subrounded. 
Provenance 
One of the objectives of the preceding petrographic studies and the heavy mineral 
analysis is to obtain data for the determination of the source areas of the sediments of the 
Hadar Formation. 
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There are three possible source areas for the sediments of the Hadar Formation: I) the 
Western Ethiopian Escarpment and adjacent plateau, 2) the Southeastern (Somalian) 
Escarpment and adjacent plateau; and 3) the Main Ethiopian Rift (MER) and the southern end 
of Afar basin. The Western Ethiopian Escarpment and the adjacent plateau extends for about 
1000 km from the southern end of the present day MER to the Red Sea to the north (Figure 1 
and 2). The plateau is mainly composed of Paleozoic and Mesozoic marine sedimentary rocks 
that are overlain by a thick sequence (100 to 3000 m) of Tertiary volcanic rocks. These 
volcanic rocks are now well exposed along the escarpments bounding the Afar to the west. 
No metamorphic rocks are exposed along the Ethiopian Escarpment within the modem 
drainage area of the west central Afar sedimentary basin. At present, several ephemeral 
streams transport mainly volcanic rocks, consisting of basalt and andesite, from the west to 
the Afar sedimentary basin. 
The Southeastern Escarpment and adjacent plateau extend along the southern margin 
of the Afar, from the MER to the Gulf of Aden. It is unlike the Western Ethiopian 
Escarpment where a very thick volcanic complex is exposed. Instead, it is mainly composed 
of 700 m to 1500 m of Precambrian Pan African metamorphic rocks and Mesozoic marine 
sedimentary rocks. The five major rivers (Clulu, Moggio, Buflfa, Gobetti and Dora) which the 
drain escarpment are rich in metamorphic and sedimentary rock fragments. The MER, which 
is bounded by the southeastern and Western Ethiopian Escarpments, extends from the 
Gregory or Kenya Rift in the south to the Afar Rift in north. This rift is filled with fluvio-
lacustrine sediments and post-rift volcanic flows. The Awash River and its tributaries flow 
from the central portion of the Western Ethiopian Escarpment into MER to the central Afar, 
carrying a large volume of volcanic clasts. 
Petrographic studies of rock fragments, heavy minerals analysis and point counts of 
conglomerate clasts of the Hadar Formation show that the Western Ethiopian Escarpment and 
the adjacent plateau are the major, and perhaps the only, source areas for the Hadar 
Formation sediments. The petrographic studies of the rock fragments provide by far the most 
direct evidence as to the nature of source rocks, because of their varying degrees of stability. 
Rhyolite, basalt, andesite, trachyte, and ignimbrite rock fragments occur in nearly all the 
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sandstones of the Hadar Formation. These rocks are widely exposed along the Western 
Ethiopian Escarpment (Zanettin et al., 1974a), where they are represented by the I) Ashangi 
Basalt (pre-Oligocene); 2) Aiba Basalt interbedded with thin beds of pyroclastic rocks (34-32 
Ma); 3) Alji ignimbrites, rhyolites and trachytes interbedded with thin beds of basalt and 
pyroclastic rocks ( 30-28 Ma); and 4) Teramber basalts (28-25 Ma), and 5) Fursa Basalt (10-
12 Ma) and Balchi Rhyolite (8 Ma) (Figure 30). Unroofing began with the youngest volcanic 
rocks exposed in the upper portion of the Western Ethiopian Escarpment. Progressively older 
volcanic rocks were eroded as faulting and uplift proceeded through time. Evidence of this 
erosional pattern is recorded in the sediments of the Hadar Formation (Figure 30). The 
higher proportion of basic volcanic rock fi^agments (mainly basalts) in the sandstones of the 
Basal (BS-I and BS-2 sandstones) and the Sidi Hakoma (SH-1 and SH-2 ,and SH-3 
sandstones) members suggests the erosion of primarily basaltic rocks, perhaps the Miocene to 
Pliocene Fursa Basalt. The increase in acidic volcanic rock fi"agments in the sandstones of the 
Denen Dora Member (DD-1, DD-2 and DD-3 sandstones) and the lower part of the Kada 
Hadar Member (KH-1, KH-2, KH-3, KH-4 and KH-5 sandstones) suggests that acidic 
volcanic rocks were the major source for these sandstones, perhaps derived from Oligocene 
Alji ingnimbrites, rhyolites, and trachytes (Figure 30). Sandy conglomerates of the upper part 
of the Kada Hadar Member (KH-9 and KH-10 conglomerates), i.e., above the unconformity, 
are dominated again by basic volcanic rocks (basalts and andesites), which reflect the further 
downcutting of the escarpment and a change of source rocks from the Oligocene Alji Group 
to pre-Oligocene Aiba Basalt or Oligocene Ashangi Basalt. 
The data derived from point counting of conglomerate clasts support the interpretation 
presented above. All of the conglomerate clasts counted in the field and/or observed in thin 
section were derived from the adjacent Western Ethiopian Escarpment. They also show a 
change in source rocks, fi^om acidic to basic above the KH-8 unconformity. Both of the 
conglomerate lenses of the DD-3 and KH-3 of the Denen Dora Member and lower part of the 
Kada Hadar Member are dominated by acidic volcanic clasts, while the KH-8 conglomerate of 
the upper part of the Kada Hadar Member is enriched in basic volcanic rocks (mainly basalts). 
78 
SOURCE TERRANES PETROFACIES 
Rift volcaoics {tjasalts. rl-iyolites 
and Ignlmbrltes) 
Balchi Rhvollt©/ 
ignimrite (8 Ma) 
Fursa Basalt 
m 
1500 h 
( lO  Ma)  
TeramDer Basalt 
(28-25 Ma) 
1200 H 
900 -
AIJI Rt-iyollt© and 
ignimrite 
(30-28 Ma) 
Aitja Basalt 
(34-30 Ma) 
Ashangi Basalt 
(Pre-Ollgocene) 
Mesozoic 
sediments 
600 
300 
lO -^9 cong. 
KH-IO cong. 
KH-8 cong. 
KH-5 sand 
KH-4 sond 
KH-3 sand 
KH-2 sand 
KH-1 sand 
DD-3 sand 
DD-2 sand 
DD-1 sond 
SH-3 sand 
SH-2 sand 
SH-1 sand 
BS-2 sand 
BS-1 sand 
rncrflc volcanl* fro * 
Folstc volcanic 
'roomenrs 
Figure 30. Provenance of the Hadar Formation. 
This perhaps suggests a change in source rocks from the Oligocene Alji ignimbrites /rhyolites/ 
trachytes to the Aiba or pre Oligocene Ashangi basalts. 
The six heavy mineral assemblages, discussed in the section dealing with heavy 
minerals, are volcanic materials that were derived from the Western Ethiopian Escarpment 
and/or the floor of the Ethiopian Rift. Due to similarities of the source rocks and the absence 
of heavy minerals that are diagnostic of a particular type of volcanic rock, it is difficult to 
establish possible source rocks and source areas for individual heavy minerals. However, it is 
possible to show the vertical stratigraphic variation in the source rocks when heavy minerals 
are considered in conjunction with rock fragment studies. Augite is by far the predominant 
heavy mineral, with magnetite being second in abundance in most sandstones. Nearly all of the 
sandstones of the Basal and Sidi Hakoma members contain the magnetite-rich association 
indicating that they were mostly derived from basic volcanic rocks. The thin section studies of 
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volcanic rock fragments also indicate that most of the sandstones of the Basal and Sidi Hakoma 
members contain a greater abundance of basalt and andesite fragments. Augite occurs throughout 
the Hadar Formation, but predominates in the sandstones of the Denen Dora Member and the 
lower part of the Kada Hadar Member. This suggest that these sandstones were derived mainly 
from a basaldc source. 
However, thin section studies of the sandstones of the Denen Dora Member and lower part 
of the Kada Hadar Member indicate that the rock fragments in these sandstones are rhyolites, 
ignimbrites and trachytes, many of which contain phenocrysts of augite. The augite may be derived 
from any of the acidic or basic volcanic rocks exposed along the adjacent escarpments and 
plateaus. The higher proportion of acidic volcanic rock fragments indicates the acidic volcanic 
rocks were a dominant source for these sandstones, including their augite heavy mineral content. 
The lower concentration of magnetite in these sandstones is consistent with the absence of basic 
volcanic rocks in the source area of the sediments of the Denen Dora Member and the lower part 
of the Kada Hadar Member. However, the higher proportion of magnetite in the sandstones and 
conglomerates of the upper part of the Kada Hadar Member is due to unroofing of basic volcanic 
rocks. This further suggests that there is vertical variation in the composition of the source rocks, 
from magnetite-bearing basic volcanic rocks to acidic volcanic rocks and back again to magnetite-
bearing basic volcanic rocks. The epidote that occurs in the upper part of the Kada Hadar 
Member (KH-9 and KH-10 conglomerate) is not likely to have had its source in the 
Precambrian and Mesozoic rocks of the Southeastern Escarpment. It is more likely derived 
from volcanic rocks of the Western Ethiopian Escarpment as the result of saussuritization of 
plagioclase. Scheldrman (1995) has reported a higher concentration of epidote in the heavy 
mineral studies of sediments of the White and Blue Nile rivers and indicated that susuritization 
of plagioclase played an important role in the higher concentration of epidote in the Nile River 
heavy sediments. 
The petrography of the quartz and feldspar suggests the same provenance that is 
indicated by the rock fragments, conglomerate clasts, and heavy minerals. All of the 
sandstone samples studied contain bipyramidal quartz, as previously observed for the SH-2 
and KH-2 sandstones by Taieb and Aronson (1981). This indicates a volcanic source 
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(Heinrich, 1965). Quartz grains not displaying pyramidal morphology are very rare. The 
absence of andulatory extinction in quartz suggests that metamophic rocks were not a major 
source and may not have been a source for any of Hadar. Feldspar is common, comprising 5 
to 40 % of the sandstones. Most sandstones show oscillatory zoning and albite twining; the 
former is a clear indictor of a volcanic origin. Vertically, the feldspar content increases in the 
sandstones from the Basal Member (BS-I and BS-2 sandstones) to the Sidi Hakoma Member 
(SH-1, SH-2 and SH-3 sandstones), reaching a maximum 32 % in the SH-3 sandstone. The 
feldspar content decreases significantly to 10 % in the DD-3 sandstone of the Denen Dora. 
Then it increases gradually to about 15 % in the sandstones of Kada Hadar Member (KH-1, 
KH-2 KH-3, KH-4 and BCH-5 sandstones). The variation in the amount of feldspar reflects 
the relative importance of basic and acidic volcanic rocks as a source of Hadar Formation. An 
increase to 25 % of feldspar in the upper part of the Kada Hadar Member (KH-6 and KH-7 
conglomerates) indicates a change of source back toward a greater basic volcanic influence in 
the source area above the unconformity. 
In summary, the light mineral fraction as well as rock fragments, conglomerate clasts 
and heavy minerals of the Hadar Formation indicate a provenance primarily from the adjacent 
volcanic rocks of the Western Ethiopian Escarpment and Plateau. The first change of source 
rocks occurs between the Sidi Hakoma and Denen Dora members, from basic to acidic 
volcanic rocks; and in the upper part of the Kada Hadar Member, above the unconformity, the 
source changes again from acidic back to basic volcanic rocks. These fluctuations of source 
rocks during the deposition of the upper part of the Sidi Hakoma Member (about 3.22 Ma) 
and during the upper part of the Kada Hadar Member (between 2.9 and 2.3 Ma) are primarily 
related to the relative uplift of the Western Ethiopia Escarpment, accompanied by subsidence 
of the Afar rift basin. The accelerated vertical motion along the Ethiopian Escarpment about 
3 Ma ago resulted in the relative subsidence of the west central Afar by perhaps as much as 2 
km (Walter, 1981). This hypothesis is consistent with observations in the Main Ethiopian Rift 
(MER) in south-central Ethiopia, where it has been noted that major faulting was 
accompanied by pyroclastic volcanic activity at about 3 Ma ago, culminated in the present 
geometry of the MER (WoldeGabriel et al. 1990). 
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Significant quantities of locally derived limestone and pedeogenic carbonate clasts 
(granule to pebble) are present in modem wadis of the Hadar region. Neither petrographic 
study of detrital lithic fragments or the analysis of heavy minerals show any evidence that 
Precambrian plutonic igneous or metamorphic rocks were exposed in the source area for the 
Hadar Formation. Since the most likely source of these rocks would be fi-om the 
Southeastern Escarpment, their absence indicates that the Southeastern Escarpment and 
adjoining plateau did not contribute significantly to the sediments of the Hadar Formation. 
The Hadar Formation is dominated by mudstones which have a high percentage of 
montmorillonite/beidellite, and accessory amounts ofkaolinite, plagioclase, augite, and 
quartz. These minerals formed by the weathering of basalt and volcanic ash and were 
transported in the suspended load component of a river system and were then deposited on its 
fioodplain. Volcanic ash of mostly basaltic and rhyolitic composition occurs in the adjacent 
Ethiopian highlands (Walter, 1982). Since this ash is fine-grained and permeable, it is liable to 
be rapidly weathered into soils under the humid and temperate climatic conditions prevalent in 
the Ethiopian highlands. The higher occurrence of smectite in mudstones indicates weathering 
dominantly fi-om basic (basaltic) volcanic ash soils. Kaolinite is a minor constituent of 
volcanic ash soils. It is formed in low pH (acidic) soils (Kanno et al, 1961). Such soils are 
more commonly formed fi^om rhyolitic volcanic ash (Kunno, 1961, Miyazawa, 1966). 
Petrographic and x-ray studies of the tuffs reveal that most of the glass shards have 
been altered to smectite. Unaltered tuflfs are composed largely of glass shards with 
significantly lesser amounts of feldspar (anorthoclase, plagioclase and sanidine), and pumice 
clasts, with minor amounts of incorporated sediments. Walter and Aronson (1982), Walter 
(1980, 1990, 1992), and Walter and Aronson (1993) hav^ conducted extensive studies of the 
Hadar Formation tufifs, and they postulate that the primary source of ±e older tuflfs (SHT, TT, 
and KHT) is the Ethiopian plateau. The primary source of the younger tufifs (BKT-2 and 
BKT-3) is on the Afar tectonic province (Walter, 1981, 1994). Petrographic field 
observations show that the tuffs were transported into the area by prevailing winds as well as 
streams. 
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FACIES AND ENVIRONMENT OF DEPOSITION 
Four complexly interfingering fades assodations have been identified in the Pliocene 
sediments of the Hadar Formation. The fades assodations and their respective depositional 
environments as inferred fi^om lithologic sequences, sedimentary structures and geometries are: 
1) Massive to crudely-stratified and cross bedded, ciast-supported conglomerate, trough 
cross-bedded sandstone and siltstone fades assodation (Fades assodation A) - alluvial fan, braided 
stream, floodplain and braid delta deposits 
2) Large scale trough cross-bedded sandstone, siltstone, and mudstone fades association 
(Fades assodation B) - meandering stream and assodated floodplain deposits 
3) Interbedded ostracod-bearing fissile shale, thinly bedded gastropod limestone, fine­
grained sandstone and mudstone fades assodation (Fades assodation C) - marginal and shallow 
lacustrine deposits 
4) Interbedded, medium to fine-grained sandstone, siltstone, and carbonaceous mudstone 
fades assodation (Facies assodation D) - delta plain that includes distributary channel, marsh, and 
floodplain deposits. 
The vertical and lateral distribution of these fades record the tectonic and climatic 
evolution of the Afar basins. The fades assodation B occurs in vertical sequence almost 
throughout the Hadar Formation and documents 11 fining upward cycles of major axial 
meandering stream systems draining the Ethiopian highland and flowing northwards toward Red 
Sea-Gulf Aden. This fades is interrupted vertically by fades assodation C of at least one major 
and two minor lacustrine deposits that may record a period of rapid basin subsidence resulting fi^om 
downward displacement along major normal faults bounding the Ethiopian Rift. Fades 
assodation A interfingers laterally with fades assodation B and fades assodation C. Fades 
assodation A represents relatively short, transverse, braided and ephemeral tributary streams that 
flowed fi-om the Ethiopian escarpment into the rift vaDey and formed alluvial fans along the rift 
margin and braid deltas as they prograded into environments representing Fades assodation C. 
Fades assodation D overlies and interfingers with the Fades assodation C along the eastern side of 
83 
the study area and documents the transition from fining upward fluvial cycles to deltaic 
sedimentation. A detailed discussion of each facies follows. 
Lithofacies codes 
The lithofacies code system was first introduced by Miall (1977, 1978) to standardized 
lithologic descriptions and facilitate comparison between different fluvial sequences. The code 
consists of a capital letter designating the dominant grain size followed by one, two or three lower 
case letters which refer to the principal sedimentary structures. The Miall (1978) system was used 
to construct a code to describe overbank and lacustrine deposits, but due to the varied color, 
texture and composition of overbank and lacustrine mudstones different lower case letters from 
those used by Miall (1978) were assigned to distinguish one mudstone lithofacies from another. 
The lithofacies codes used m this report, including the codes introduced by Miall (1978), are listed 
in Table 10 and 11. The codes refer to specific facies of the four facies associations defined in this 
chapter. 
Massive to crudely-stratified, clast-supported conglomerate, trough cross bedded 
sandstone and sUtstcne facies association - Facies association A 
Description 
The massive to crudely-stratified clast-supported conglomerate and trough cross bedded 
sandstone facies association (A) occurs along the western margin of the study area within the 
Denen Dora and Kada Hadar members. It is also well exposed within the upper Kada Hadar 
Member along Makaamitalu and Dahuli drainages and in isolated outcrops along the Sidi Hakoma 
and Denen Dora drainages, near AL 333. 
Facies association A is composed of a cobble to boulder conglomerate (Gm), medium to 
coarse grained sandstone (St), massive mudstone and/or siltstone (Fm) occasionally with rhizoliths 
(Fmr) (Table 11). The Gm facies in the Denen Dora Member, represented by the DD-3 
conglomerate on the graphic section, ranges in thickness from 6 to 12 m and, consists of poorly 
sorted, clast-supported conglomerate with minor lenses of poorly sorted, pebbly, coarse grained 
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Table 10 . Lithofacies codes and lithofacies of the Hadar Formation. 
Lithofacies Texture Sedimentar>' 
Structure 
Interpretation 
Gms Matrix-supported 
Gravel 
reverse grading debris flow 
Gm Clast-supported 
Gravel 
horizontal bedding 
cross bedding, and 
imbrication 
longitudinal bars/ 
lag deposits 
Gt 
Gp 
Clasl-supported 
Gravel 
Qast-supported 
Gravel 
trough 
cross bedding 
planar cross 
bedding 
chaimel fills 
longitudinal bars 
(upper flow regimes) 
Gh Qast-supported 
Gravel 
horizontal bedding 
imbrication 
channel lag deposits 
Sp sand, medium to 
coarsegrained 
planar cross 
bedding 
transverse bars, sand waves 
(upper flow regimes) 
St sand, medium to 
coarsegrained 
trough cross 
bedding 
dunes (lower 
flow regime) 
Sh sand, verv' 
fine to medium 
grained 
parallel 
lamination 
planar bed 
flows 
Sr sand, fine to 
mediimi grained 
climbing ripple/cross 
lamination 
ripples (lower flow 
regime) 
SI sand, fine to 
medium grained 
low-angle 
cross beds 
washed-out dunes, 
antidunes 
F1 mud. silt laminated ponds/shallow 
lacustrine. 
Fm mud, silt. massive to blockv overbank/ 
floodplain 
Fmf mud massive may contam 
fishbones 
shaUow lacustrine 
Fmb mud massive with shallow 
barite concretions, lacustrine 
mav contain fish bones 
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Table 10. (Continued) 
facies lithofacies sedimentary' structure Interpretation 
Fmc mud massix-e. 
carbonaceous 
contain gastropods 
shallow 
lacustrine/swamps 
Ff mud laminated, 
fissile with 
ostracods 
shallow 
lacustrine 
Fmr mud, silt massi\-e with 
rhizoliths 
floodplain/pedogenically 
modified 
Fp mud, silt massiNr with 
pedogenic carbonate 
concretions or nodules 
paleosols 
Lm limestone niassi\-e. occasionalh-
with ripples, abundant 
gastropods and less 
common pelecvpods 
marginal shallow-
lacustrine 
Table 11. Architectural elements of Facies Association (A). 
Stratigraphic name Lithology Geometry Interpretation 
DD-3 Conglomerate 
KH-3 conglomerate 
KH-6 conglomerate 
KH-8 conglomerate 
FCH-7.KH-9and 
KH-10 conglomerate 
Gnx St, Fm, Fp 
Fmr 
Gm. St, Sh, Ff. 
Fm£ Lm. Fm/Fp 
Gm, Op, SL Fmr 
Gm, Gms, Fm, Fmr 
Gnx Gp, Gt. Fmr 
w/d>l.5, 
6-12 m thick, 
2-5 km wide 
w/d> 1.5, 
6-8 m thick. 1-3 km 
wide 
w/d>15,1-3 m thick 
w/d > 15, 2 -3 m thick, 
1 to 3 km wide 
w/d <15. 
< 200-300 m wide 
sheet-like braided 
stream 
sheet-like braided 
stream and 
braid delta 
sheet-like braided 
stream 
alluvial fan and/or 
sheet-like braided 
stream 
lenticular braided 
/ephemeral streams 
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sandstones. It is one of the most extensive fades, traced over 5 km from Negeria Koma in the 
west to AL 333 in the central portion of the study area. This facies rests directly on large scale 
trough cross bedded sandstone (St) (Figure 31). Locally, the Gm fades is deeply incised into the 
underlying St fades which will be discussed later in this chapter. The cross section taken along the 
Gona drainage indicates that the Gm facies of DD-3 conglomerate is as thick as 12 m. It may 
reach a width of from 2 to 3 km. Along the western side of the study area, this fades forms well 
defined conglomerate beds which possess a disorganized clast fabric and either lack internal 
stratification or have poorly developed horizontal stratification. Beds of conglomerate averaging 
less than 2 m in thickness, but more than 0.5 m are separated, in some instances by thin beds of 
pebbly coarse sand. Proceeding eastward the lateral continuity of these conglomerate beds 
decreases toward the center of the study area where they finally merge into one single, poorly 
sorted, pebble to cobble conglomerate and then pass into the St facies consisting of large scale 
trough cross bedded sandstone. Clasts (rhyolites/ignimbrites, basalts, trachytes and minor 
pyrodastic rocks and pedogenic carbonate) are subangular to subrounded and as large as 20 cm 
diameter. 
The Gm fades in the lower part of the Kada Hadar Member represented by the KH-3 
conglomerate on the graphic section (Figure 32), is slightly different from other Gm fades in the 
study area. Compositionally and texturally the Gm fades of KH-3 conglomerate is similar to all 
Gm fades of the study area. It is a disorganized, clast-supported conglomerate. Its thickness 
decreases laterally from 8 m at Negeria Koma to 6 m at Kahuli Koma and to 1 m at Denen Dora 
Koma. It has a sharp, irregularly scoured basal contact. This conglomerate appears structureless, 
but at its base it displays crude horizontal bedding and faint imbrication. The KH-3 conglomerate 
at Kahuli Koma differs significantly from all conglomerates of the study area in that it consists of 4 
meters of steeply dipping forset beds of cobble conglomerates that are capped by 4 to 6 meters of 
nearly horizontal or gently dipping topsets beds of cobble to boulder conglomerate. A longimdinal 
section of the KH-3 conglomerate along the Gona drainage, indicates a unimodal paleocurrent 
direction with a sheet-like geometry. It ranges from 6 to 12 meters in thickness (Figure 32). The 
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KHT 
Fm, Fmr or Fp 
DD-3 Cgl 
DD-3 sandstone 
DD-2 sandstone 
, Sh, Sr 
I Fmf 
Lm 
DD-1 sandstone 
TT-8 
TT-7 
Tr-6 li 
TT-4 
Fissile shale 
1 m 
— 
Flm 
 ^ St, Sh 
Fm 
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Figure 31. Graphic section of Denen Dora Member at Kahuli Koma. This section 
shows the stratigraphic position of the DD-1, DD-2 and DD-3 sandstones and their 
corresponding facies association. 
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Figure 32. Graphic section of Kada Hadar Member. This sections shows the stratigrapiiic 
position for KH-1, KH-2, KH-3, KH-4 and KH-5 sandstones, and KH-6, KH-7, KH-8, KH-9 
and KH-10 conglomerates. 
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second important difference is that the KH-3 conglomerate, rests directly on alternating thin beds 
of limestone (Lm), fine-grained sandstone (Sh), fissile shale (Ff), and massive mudstone (Fmf) at 
Kahuli Koma. The Lm fades at this locality is entirely devoid of gastropods and ranges fi'om 10 
cm to 20 cm in thiciaiess. The Ff facies (80 cm to 1 m thick), is a light olive gray (5 YR 2/2) in 
color and contains ostracods, fish bones and fish scales that commonly weather to a pale yellowish 
green shade. Previous studies referred to this facies as the confetti clay (Aronson and Taieb, 1981; 
and Tiercelin, 1986). The Fmf facies (1 to 1.5 m thick) is a olive gray ( 5 Y 2/2), massive to 
blocky, slickensided mudstone that contains calcareous nodules, fish remains and plant fi^agments. 
This facies is laterally persistent for several kilometers, and extends entirely across the east side of 
the study area. 
The Gm fades of the DD-3 and KH-3 conglomerates vertically grades into the St, Fm 
and/or Fp facies as part of the fining upward sequences. The St fades is a medium to coarse­
grained sandstone that exhibits large scale trough cross bed sets up to 0.3 m thick. It forms 
resistant layers that can be traced laterally for 100 to 300 m. Abundant root casts and occasional 
fossilized tree trunks and vertebrate remains are present in the upper portion of this facies. The 5 
to 8 m thick Fm facies consists of structureless, arenaceous mudstones that occasionally contains 
root casts and carbonate nodules. The Fp facies has a variable thickness (0.5 m to 3m) and is 
massive with abundant root casts and carbonate concretions. It is usually arenaceous and 
occasionally interbedded with horizons of carbonate nodules of various morphologies. Broken and 
abraded fossilized vertebrate remains are common. 
Facies assodation A also occurs in the upper Kada Hadar Member above the unconformity 
surface. Here, Facies assodation A is characterized by conglomerates that are massive to crudely-
stratified (Gm), matrix-supported (Gms), and/or cross bedded and clast-supported (Gt and Gp) 
which are interbedded with massive mudstone and/or siltstone (Fmr) (Figure 32 and Table 11). 
The Gm facies of the KH-6 conglomerate disconformably overlies sediments of the lower part of 
the Kada Hadar. This is the major unconformity separating the upper fi-om the lower part of the 
Kada Hadar Member. The Gm fades of the KH-6 conglomerate is 4 to 5 m thick and extends 3 to 
5 fi-om the Gona to the upper reaches of the Kada Hadar drainage. It is a pebble to cobble, 
massive to crudely-stratified, poorly sorted sheet conglomerate. At some localities this facies 
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displays poorly developed, planar cross bedding (Gp) and is capped by the St facies consisting of 
single sets or cosets of small to large scale trough cross strata. A lenticular muddy to sandy Gm 
facies of the BOH-7 conglomerate (2 to 4 m thick) occurs along the upper Kada Hadar drainages. 
One or two sets of the St facies occasionally rest on Gm facies. 
The KH-8 conglomerate (Figure 32), consists of up to 5 m of unconsolidated, 
disorganized, clast-supported conglomerate (Gm) and matrix-supported conglomerates(Gms) 
(Figure 32). This facies extends from the Gona to the Kada Hadar drainage and rests 
unconformably on the underlying sediments. Compositionally, the Gm facies contains a higher 
proportion of mafic clasts (basaltic and/or andesitic) than of the DD-3 and KH-3 conglomerates of 
the Denen Dora and BCada Hadar members, respectively. The Gms facies is less common. Larger 
clasts (over 10 cm in diameter) are distributed very irregularly as individual clasts or clusters of 
clasts. Well defined bedding planes and interbeds or lenes of sandstones are rare. 
The Fmr facies which caps the KH-8 conglomerate, is a pale brown (10 YR 4/2), massive 
to blocky, sandy siltstone. It is up to 7 m thick, and contains less clay (< 0.4 %) than the Fm facies 
of the underlying members of the Hadar Formation. Dense concentrations of rhizoliths are 
characteristic of this facies. Detailed description of rhizoliths indicates a limited range of root 
types. Most common are dense anastomosed networks of tiny rhizoliths having a modal diameter 
of 0.5 mm (Figure 33). Less common are a group of somewhat larger subvertical to vertical 
rhizoliths averaging about 5 mm in diameter. This facies is capped by cross bedded conglomerate 
(Gp) facies, represented on the stratigraphic section as the KH-9 conglomerate (Figure 32). The 
Gp facies is lenticular and somewhat finer-grained than the Gm facies of DD-3, KH-3, and KH-8 
conglomerates, though clast shape and roundness is similar. Planar cross-bedding is the dominant 
structure and occurs in sets up to I m thick (Figure 34). The thicker sets, extend laterally for over 
20 m, but the thinner sets most often wedge out. Bed boundaries are distinct and laterally 
persistent. Both longitudinal and transverse cross sectional views, and erosional contacts with the 
underlying Fmr facies indicate that the Gp facies is a channel deposit. Imbrication and cross-beds 
indicate that this channel flowed fi-om the west to the east. The Gp facies is overlain by Fmr facies 
which consists of 6 to 8 m of pale brown (10 YR 4/2), poorly indurated to friable, sandy siltstone 
that contains abundant rhizoliths. It is similar to the underlying Fmr facies. It is deeply cut by 
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Figure 33. Representative diameters of rhizoliths common in the siltstones of the upper 
part of the Kada Hadar Member. 
cross-bedded pebble to cobble conglomerate (Gt) of KH-10 conglomerate (Figure 32). The Gt 
facies has an average thickness of 2 m and an average width of 50 m. Compositionally and 
texturally it is similar to the Gp facies of the KH-9 conglomerate and consists of poorly sorted, 
sandy planar cross-bedded conglomerate. 
In summary, the facies sequence of facies association A are straight forward. Each 
sequence conunences with a sharp erosional basal contact overlain by either Gm or Gp or Gt facies 
that in turn is overlain by either St facies or, the Fm, Fmr or Fp facies. The Gm facies of DD-3 
sandstone directly overlies the St fecies and underlies the St, and Fm or Fp facies. The steeply 
dipping forsets of the Gm facies of the lower part of the Kada Hadar Member (KH-3 
conglomerate) rest directly on a sequence of fine sediments (Lm, Fmf^ F^ Sh facies), are then 
capped by St facies and Fm facies. In the upper part of the Kada Hadar Member the Gm facies of 
the KH-6, KH-7 and KH-8, and Gp and Gt facies of KH-9 and BCH-IO conglomerates rests 
unconformably on the Fmr facies, and is overlain by the Fmr facies. 
Figure 34. Photographs of the massive to crudely stratified, and cross bedded 
conglomerate and trough cross-bedded sandstone of fades association 
a) Disorganized, cobble to boulder conglomerate (Gm fades) of the DD-3 sandstone of the 
Denen Dora Member. Clasts consists mainly of rhyolite, ignimbrite and trachyte 
b) Trough cross bedded, pebble to cobble conglomerate (Gt facies) of the KH-10 
conglomerate of the upper part of the Kada Hadar Member 
c) Planar cross-bedded, pebble to cobble conglomerate (Gp fades) of the KH-9 
conglomerate of the upper part of Kada Hadar Member 
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Depositional environment 
The fades assodation A is interpreted as braided stream and braid delta deposits that 
formed as part of an extensive Pliocene alluvial fan complex that built westward off the Ethiopian 
escarpment out into the paleo-Afar Depression (Figure 35). The absence of highly varied fades 
associations, and the absence of lateral decreased grain size and increased sorting and increased 
clast roundness indicate that alluvial fan is not well developed in the study area. However, the 
occasional occurrence of the Gms facies and clusters of large boulders in the KH-8 conglomerate 
suggests that debris flow deposits formed during violent rainfall. Rust (1972a, 1975) has been 
pointed out that as the alluvial fan deposits grade downslope, Gms fades laterally give way to the 
Gm facies. The occurrence of Gm fades in study area records the occurrence of braided streams 
somewhat similar to the proximal gladal outwash of the Donjek River (Rust, 1975). The Gm fades 
was probably deposited during high discharge as a gravel sheet consisting of a complex of low 
relief longitudinal bars (Smith, 1974, Hein and Walker, 1977, Rust, 1978; Steel and Thompson, 
1983). The Gm fades occurs over a broad area (2 to 3 km wide) suggesting the transportation of 
gravel took place on a low relief surface during high flow conditions. The occurrence of 
discontinuous sandstone lenses within the clast-supported conglomerates may be the record of 
rapid deposition resulting from an abnipt decrease flow energy (CoUison and Thomson, 1989; 
Nemec and Steel, 1984; Le Pain et ai, 1994). The absence of significant lateral variation in grain 
size, and the rather abrupt lateral change to large scale trough cross bedded sandstones of the St 
facies, suggests that braided streams joined the axial meandering stream. The discontinuous St 
facies consists of large scale trough cross bedded sandstones that lie on top of the clast-supported 
conglomerates. The St fades is interpreted to be a bar-top sand sheet deposited during the waning 
phase of a high energy discharge event (Boothroyd, 1972; Rust, 1972). This fades is similar to 
that of the Donjek River in northern Alaska that is deposited onclast-supported conglomerate bars 
during the late waning phase of flood events (Rust, 1972; Le Pain et ai, 1994). 
Deposition of fades association A in the lower part of the BCada Hadar Member took place 
in a deltaic environment where braided channels prograded into a lake (Figure 39). Deltas forming 
in lake environments differ from those that form in marine environments due to differing intensities 
of the respective hydrological parameters (Boggs, 1987). For example small and shallow lacustrine 
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Figure 35. Block diagram showing an alluvial fan complex along the Ethiopian escarpment and 
braided streams prograding into a shallow rift lake. 
deltas are not reworked or modified by wave action (Billi and Sagri, 1990), as opposed to marine 
deltaic environments. Complete deltaic sequences are uncommon in the smdy area, apparently 
because the drainage catchment was not deep enough to develop the entire sequence. 
Alternatively, periodic fluctuations of lake levels due tectonic activity may have interrupted 
sediment processes. The 10 m thick KH-3 conglomerate overlies a sequence of interbedded Ff| Fm 
and Lm fades, suggesting that the F^ Lm, Fm, Gm fecies sequence fonned as a shallow braided 
stream deposited its bed-load sediment into a shallow lake that was slightly deeper than the braided 
stream itself This fades sequence suggests a fan delta depositional environment, as a braided 
stream prograded into a shallow lake. The unimodal and simple clast orientation, sheet geometry 
with high lateral continuity, and the absence of a muddy matrix suggests that the KH-3 
conglomerate is a braid delta not a fan delta (McPherson et al, 1987). The presence of the St 
fades capping the Gm fades is a common feature of braid delta assodations and is relatively 
uncommon in alluvial fan deposits (Rust, 1978). The characteristic sedimentary structures within 
the Gm fades of the KH-3 conglomerate are similar to those of a Gilbert-type delta; i.e. steeply 
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dipping forset beds in the lower portion and that overlain by gently dipping topset beds (Figure 35) 
Fine sand bottom set beds are not preserved at Hadar, perhaps due to counter currents flowing 
along the bottom from the lake toward the delta with suflBcient velocity to wash away such sand 
(Coleman and Gagliano, 1965). 
The extensive sheet, DD-3 and KH-3 conglomerates below the Kada Hadar unconformity 
are replaced by lenticular to sheet-like sandy conglomerates above the unconformity (V'ondra et ai. 
1996). The Gp and Gt fades of the KH-9 and KH-IO conglomerates, for example, may represent 
ephemeral braided stream deposits that were laid down during short flash flood events formed 
under progressively decreasing energy levels. The presence of large scale cross-bedding (to 1 m 
thick) in these conglomerates, suggests on in-channel river bars. High angle planar cross-beds 
with forsets that fine upward are usually deposited in bar front positions as down stream channel 
bar migration took place (Rust, 1978). Low angle planar stratification represents stoss-side bar 
deposition (Stell and Thompson, 1983). The assodated Fmr fades represents overbank deposits. 
The high concentration of rhizoliths in the Fmr fades indicates that grasses and small shrubs were 
the dominant vegetation and that the climate was probably drier and perhaps warmer than that 
during the deposition of the underlying members. The high percentage of very fine sand and the 
low clay content suggests extensive reworking by eolian processes. 
Trough cross-bedded sandstone, sUtstone and mudstone facies association 
Facies association B 
Description 
Fades assodation B is one of the most extensive fades assodations in the Hadar 
FormatiorL It is present in the Basal Member at Kenia Koma and Afafoli Koma and in lower part 
of the Sidi Hakoma Member at Kenia Koma, Afafoli Koma, Denen Dora Koma, and along the 
Ounda Hadar. It is also present in the Denen Dora Member and lower part of the Kada Hadar 
Member and is exposed from Negeria Koma in the west to the (Xmda Hadar in the east. It is more 
prevalent on the western side of the study area. 
The Hadar Formation generally contains at least 11 fining upward cycles consisting of 
fades assodation B. These are recorded by BS-1 and BS-2 sandstones in the Basal Member, the 
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SH-1. SH-2 and SH-3 sandstones in the Sidi Hakoma Member, the DD-3 sandstone in the Denen 
Dora Member, and the BCH-l, KH-2, KH-3, KH-4, and KH-5 sandstones in the lower pan of the 
Kada Hadar Member. Individual cycles consist of 2 to 13 m of coarse-grained pebbly sandstones 
or conglomerate at the base (Gh), grading vertically into trough cross-bedded, medium to fine­
grained sandstone (St) followed by siltstone and mudstone (Fm) and/or paleosol (Fp), occasionally 
interbedded with thin (20 cm thick) unfossiliferous limestones (Lm) (Table 12). Since, most of the 
fining upward sequences in the study area are very similar in fades, only the major sequence of 
each member of the Hadar Formation will be discussed here. 
The major fining upward sequence of the Basal member is where the BS-2 sandstone 
exposed at Kenia Koma and Afafoli Koma. The cycle begins with a trough cross bedded, poorly 
sorted, litharenite to feldspathic litharenite (St fades) (Figure 36). In some cases poorly developed 
Sh fades occurs in the upper portion of the sandstone. Paleocurrent data indicate stream flow 
toward the NNE and ENE (Figure 37). The St fades of BS-2 sandstone is truncated 2 to 4 m 
vertically by 40 to 80 m wide channel filled with the Sidi Hakoma Tuff (SHT) channel (Figure 36). 
Linguoid current ripples and climbing ripples (type A on supercritical cross stratification of Jopling 
and Walker, 1968) are common in the bottom 40 to 60 cm of the channel. Vertically, this profile 
changes mto 35 to 40 cm thick dunes capped by an irregular erosional surface. The most 
distinctive feature of the upper portion of this tuff filled charmel is the development of well defined 
climbing dunes (type A on supercritical cross stratification of Jopling and Walker, 1968), which 
commonly exceed 70 to 80 cm in thickness and may be over 1 m thick toward the center of the 
channel. Paleocurrent measurements obtained fi^om the climbing dunes indicate flow toward the 
east, almost perpendicular to the paleocurrent direction of displayed by the BS-1 and BS-2 
sandstones. The St fades of the BS-2 sandstone gives way vertically to the Fm fades, which is a 3 
to 5 m thick, argillaceous, yellowish gray (10 YR 5/2) siltstone (Figure 36). The Fm fades is 
interbedded with light olive gray (5Y 5/2) Ff fades, thin 10 to 20 cm beds of Fp, and fossiliferous 
Lm fades {Bellcanya sp., Cleopatra sp:, Peypouquent et ai, 1983; Tiercelin, 1986). 
Three fining-upward sequences occur in the Sidi Hakoma Member, of these the SH-3 
sandstone is the major sequence. Here, the fiming upward begins with the St fades composed of 
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Table 12. Architectural elements in the fades association (B). 
Stratigraphic name Lithology Geometry Interpretation 
BS-l and BS-2 sandstones Gnu St, Sh. Sr 
Fm/Fp 
\v/d <1.5.2-1- m thick, 
with wings. 2 to 3 m 
thick. 100-200 m wide 
ribbon-Uke 
meandering streams 
SH-1 and SH-2 sandstones SL Sh, Fm 
Fm/Fp 
w/d<l.5,1-5 m thick, 
with wings,, 1 to 3 m 
thick. 100- 300 m wide 
marrow to sheet-like 
meandering streams 
SH-3 sandstone Gm, St, Sh and/or Sr w/d >15.2-5 m thick 
I to 3 km wide 
sheet-like meandering 
stream 
DD-3 sandstone Gnu St Sp, Sh. 
Sr. Fm, Fmr / Fp 
w/d > 100.2 -6 m thick, 
storeys, 1 to 3 km wide 
sheet -like meandering 
stream 
BvH-1 sandstone SL Sh, Sr. Fm w/d <15 and > 100, 
0.5-6 m thick 
meandering stream 
and CTe\-asse spla\'s 
KH-3.FCH-4and 
KH-5 sandstones 
Gnu SL Sr, Fm 
Fmp/Fmr 
w/d > 100, 1-8 m thick 
thick. 3-10 m thick 
sheet-like meandering 
streams 
medium-grained, litharenite to feldspathic sandstone (Figure 38). It is characterized by extensive 
lateral continuity, from Negeria in the west to the Ounda Hadar in the east. Large scale trough 
cross-stratification (St) is the dominant structures, but in a few localities climbing ripple lamination 
(Sr) and horizontal stratification (Sh) are common in the upper portion of the sand unit. Fossilized 
tree trunks up to 70 cm in diameter and root casts as long as 30 cm and 10 cm in diameter are 
widely distributed in this fades. A coarse sandstone or a conglomerate (Gh fades) (up to 5 cm 
thick) is always exposed at the base. Cross sections transverse to the paleocurrent direction, along 
the Gona and Sidi Hakoma drainages indicate a width to thickness ratio of 170, ranging from 150 
to 200. Paleocurrent measurements along the length of the troughs in the direction of transport 
show a wide dispersion ranging from NNE toward SSW. This sandstone grades vertically into 
poorly laminated, argillaceous and calcareous, dark yellowish brown (10 YR 4/2 ) to dusky 
yellowish brown (10 YR 211) Fm fades. This fades is interrupted by three to four gastropod-
bearing and algal oncolite limestone (Lm fades). 
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Figure 36. Graphic section of the Basal Member at Kenia Koma. 
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Measurements of the trough cross-bedding taken along the direction of sediment 
transport. 
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The Denen Dora Member has at least one major fining upward sequence associated with 
the prominent DD-3 sandstone. It begins with a massive to horizontally bedded pebble to cobble 
conglomerate (Gh facies) on a sharp and irregularly scoured basal surface (Figure 31). The 
conglomerate consists of disk to compact shaped, subangular to subrounded, felsic and mafic 
volcanic clasts. This facies is overlain by St facies which fines upward fi^om very coarse to medium-
grained sand, and exhibits large scale trough cross beds. These consists of complexly nested sets 
up to 1 m thick with gently to moderately curved concave foresets which dip fi-om 25 ° to 35". 
Planar cross beds (Sp) and climbing ripples ( Sr) are locally developed (Figure 39). Lateral 
accretion surfaces observed as sigmodial lenses of sediment dipping up to 15° fi-om the top toward 
the base of the sandstone bodies. The internal geometry each lateral accretion unit is dominated by 
sand and occasionally shows a vertical change in grain size. The lower part of the bodies are a few 
meters thick consisting of horizontal laminations (Sh) and small scale trough cross-bed sets (Sr). 
Commonly, the upper part of the bodies have been homogenized by bioturbation, thus depositional 
structures are usually obliterated. The paleocurrent sediment transport direction of the DD-3 
sandstone, collected fi-om trough cross bedding, is N, NNE, NNW and SSE with mean direction to 
the NNE. Paleocurrent measurements obtained fi"om the DD-3 sandstone fi-om the western 
to the eastern portion of the study area, shows that there is a gradual change fi"om a 
northwesterly flow direction at Kahuli to a northeasterly direction at Ounda Hadar. In the 
central region, between the Sidi Hakoma and Denen Dora drainages, paleocurrent directions 
are highly variable, but show a general northeast flow. 
The St facies of DD-3 sandstone is vertically and laterally stacked and each stack (storey) is 
separated by concave scour surface. A transverse section of the DD-3 sandstone along the Gona 
drainage, shows four major sandstone storeys in a 10 to 13 m thick exposure. In addition, the St 
facies of the DD-3 sandstone displays vertical and lateral variation in grain size. Along the western 
margin of the study area, at Kahuli Koma and along the Sidi Hakoma drainage, most of the 
sandstone storeys display a definite fining upward trend grading fi^om a very coarse sandstone to a 
medium-grained sandstone. In the eastern side of the region, particularly at Ounda Hadar, the 
sandstone storeys are generally fine-grained throughout and are interbedded with thinly laminated 
siltstones (Fl) and capped directly by F1 facies at Erda Hadar which is about I km to the east of the 
Figure 39. Photographs of large scale trough cross bedded sandstone, siltstone 
and mudstone association facies association (B). 
a) Climbing ripple lamination Sidi Hakoma Tuff (SHT) 
b) The SHT filled channel that is deeply cut into the underlying BS-2 sandstone 
c) Large scale trough cross bedded of DD-3 sandstone (St subfacies) 
d) Large size tree trunk (70 cm wide and 90 cm long) DD-3 sandstone 
e) Climbing ripple lamination DD-3 sandstone 
f) Small scale trough cross bedding (Sr facies) DD-2 sandstone at Kahuli Koma 
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area of study. At this locality, the St fades, interbedded with the Sh and Sr facies with a uniform 
paleocurrent direction ofNlOE to N20E. 
At Kahuli Koma, the St facies is capped by the Gm facies (Figure 31). This facies extends 
from Kahuli Koma in the west to the Denen Dora Koma where it decreases in grain size and 
interfingers with the St facies and then pinches out a few hundred meters from locality AL 333. 
Overlying the thick St and Gm facies are Fm and/or Fp facies. The Fp facies is a laterally 
extensive, structureless, argillaceous siltstone containing minor pale yellowish orange (10 YR 4/2) 
carbonate concretions. It has a blocky fracture and lacks bedding. 
The fining upward cycles continue through the lower part of the Kada Hadar Member, as 
recorded in KH-1, KH-2, KH-3, KH-4, and KH-5 sandstones (Figure 32). They range from 5 to 
10 m in thickness. Individual sequences have an erosional base and are composed of coarse­
grained, pebbly sandstones (St) grading upward to coarse to fine-grained sandstones and to 
interbedded siltstones and mudstone (Fm) and paleosol (Fp). Since the St facies of the lower part 
of the Kada Hadar is similar in grain size, texture, composition and structure only the KH-1 and 
KH-3 sandstones will be discussed. In the lower section of the Kada Hadar Member, the St facies 
of the KH-1 ("Lucy") sandstone is a 0.5 m to 6 m thick, poorly sorted litharenite. Along the Sidi 
Hakoma and Farsita drainages, it occurs in a 4 to 5 m thick channel which thins to 1 m. The facies 
extends laterally as a sheet for several kilometers. It is locally interbedded with a thin (5 to 10 cm 
thick), poorly laminated siltstone of the Fm facies. The KH-1 sandstone exposed near the Sidi 
Hakoma drainage, allows for a detailed reconstruction of the channel dimensions. Its width ranges 
from 200 to 250 m while its average thickness is 4 m, giving a width/thickness ratio of 40 to 45. 
Trough cross-stratification (St) is the most common sedimentary structure in the channel 
sandstone, with set thickness ranging from 10 to 15 cm and an angle of inclination of the forsets 
ranging from 10° to 15°. Small-scale trough cross-lamination (Sr) and horizontal lamination (Sh) 
are occasionally present within the sheet-like sand body. Paleocurrent data obtained from this 
channel-like sandstone show bimodal flow directions with a mean direction to the northeast. 
Shallow alternating sand and silt bundles (Episilon cross-stratification of Allen, 1963, 1965a and b) 
with associated lateral acaetion surfaces were observed in two localities at Kahuli Koma and Sidi 
Hakoma. These localities are only 300 m apart, but their lateral accretion surfaces dip in the 
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opposite directions. The sandstone at each locality consists of small scale trough laminated sets 
(Sr) at the base, whereas the upper portions structureless, perhaps as the result of bioturbation. 
Large root casts and tree trunks are common. A 10 to 20 cm thick gastropod rich carbonate 
locally caps the KH-I sandstone. The sandstone decreases in grain size and thickness toward the 
east to 20 cm at CXinda Hadar where it grades into a siltstone. 
Next to the DD-3 sandstone, the St fades of the KH-3 sandstone is the thickest and most 
laterally extensive sandstone in the Hadar Formation, ranging from 4 to 8 m thickness (Figure 32). 
It is dominated by large scale trough cross-stratification in sets, up to 0.5 m thick, representing 
three dimensional dunes (Gatcai-Gill, 1993) defined by first order surfaces (Miall, 1985, 1988). 
Commonly coarse sand and pebbles (Gh) are concentrated along the base of the foresets and 
trough sets. Detailed paleocurrent measurements of the KH-3 sandstone document a change from 
a southerly paleocurrent at Negeria Koma to a northeasterly paleocurrent at Kahuli Koma. In 
the central region along the Denen Dora drainage, northwesterly paleocurrents predominate, 
whereas at Ounda Hadar paleocurrent directions toward the north are typical. 
The St facies of the KH-3 sandstone is capped by an interbedded sequence of dark 
yellowish brown (10 YR4/2), argillaceous Fm facies (1 to 4 m thick) and pale yellowish brown (10 
YR 6/2) to moderately brown (10 YR 5/4) to yellowish brown (5 YR 2/2), silty Fp facies (2 to 4 
m thick). The Fm facies is massive to blocky, containing abundant carbonate concretions, and root 
casts (3 cm in diameter and 5 to 10 cm in length). Occasionally the Fm and Fp facies are 
interbedded with a laminated, very fine-grained, litharenite (20 to 30 cm thick) which is locally rich 
in plant debris, root casts and/or burrows. Carbonate concretions and root casts increase toward 
the upper portion of the lower part of the Kada Hadar Member. These facies are followed by the 
laterally extensive, light olive gray (5 Y7/2), laterally extensive tuff (known as the "Green Marker 
Tuff'), that is one of the most usefiil marker beds in the study area. This unit passed vertically into 
the highly calcareous, dusky brown (5 YR 2/2) Fp facies, which is interbedded with 10 to 20 cm 
thick calcareous beds Lm facies. This facies in turn capped by 3 to 5 m thick beds of very 
calcareous arenaceous Fm facies. Caliche horizons, abundant root casts up to 5 cm in diameter and 
45 m in length and carbonate concretions up to 7 cm in diameter are widely distributed within the 
Fp facies. 
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In summary, the fades association B consists of a facies sequence that commences from an 
erosional basal contact and displays a vertical variation in grain size and hydrodynamic structures 
that records waning flow regime conditions. Each sequence starts with massive to crudely 
stratified Gm facies which vertically passes into large scale trough cross-bedded St facies and is 
capped by the Fm and Fp facies. 
Depositional environment 
The B facies association is interpreted to have been deposited in point bar from 
intermediate to high sinuosity meandering streams (Figure 40). The major characteristics of point 
bar deposits are well documented by several modem and ancient examples (Allen, 1965a and b, 
1970, Visher, 1965, McGrown and Graner, 1970, Bluck, 1971). Proceeding out of the channel 
onto the bar, the cross sections of the point bar show fining upward sequences (Allen, 1965a and b; 
Miall, 1988a; Jackson, 1978). Similarly hydrodynamic structures grade upward from horizontal 
bedding (upper flow regime) to large scale and small scale trough cross-stratification (lower flow 
regime). These sequences, however, are quite general. Jackson (1975) discusses the complication 
of helicodial flow in meanders, and indicates there are cases where the upper flow regime 
hydrodynamic structure are totally absent in the point bar sequence. The lower flow regime, ripple 
cross lamination and parallel lamination is almost always absent in the fining upward facies 
sequences of the Hadar Formation. Because of low subsidence rate relative to aggradation (Allen, 
1978; Miall, 1996). During period of rapid subsidence, these lower flow regime structures will be 
rapidly buried and preserved, largely intart (Miall, 1996). But during intervals of slow subsidence 
these structures may be removed by erosion, and resulted a multistory coarse units that preserve 
only the evidence of high energy stream (Allen, 1978). 
However, the occasional occurrence of poor horizontal stratification (Sh) facies in the 
upper portion of the SH-3 and DD-3 sandstones may represent vertical accretions that developed 
locally on point bar surfaces. Velocities decrease upward along the surface of the point bar 
resulting in a decreasing flow regime and the deposition of a sequence of bedforms and a fining 
upward grain size. The abundant development of trough cross-stratification in the study area 
indicates deposition from in channel sinuous crested dunes (Cant and Walker, 1978; Cant, 1982; 
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Figure 40. Block diagram of braided tributaries joining the axial meandering stream 
programming north and into a deltaic depositional environment 
Collinson and Thompson, 1989; Le Pain and Grower, 1990). The alternating silt and sand bundles 
of lateral accretion deposits associated with decimeter size trough cross-strata represents point bar 
deposits that aggraded laterally on the margin of the channel (Allen, 1963) of a mixed-load 
meandering stream (Allen, 1965a and b; Jackson, 1978). 
The Gh fades underlying the St facies represents channel lag that accumulated in the 
thalweg of the meandering stream. Channel lag is a common feature in many modem as well as 
ancient sandy fluvial systems (Allen, 1970a, Stell and Thompson, 1983), and generally represents 
bed load transport during high peak discharge events (Allen, 1964, Cant and Walker, 1976, 1978; 
Rust and Gibling, 1990; Le Pain and Grower, 1990). However, the 6 m thick Gm facies resting on 
and interfingering with the St facies of the DD-3 sandstone represents a broad sheet deposited by a 
braided stream tributary as it entered the axial meandering trunk stream (DD-3 sandstone). The 
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lateral variation in grain size and primary structures of the DD-3 sandstone from large scale trough 
cross-bedded, coarse-grained sandstone in the west to the small scale trough cross-laminated, 
medium to fine-grained sandstone interbedded with lacustrine siltstone and mudstone in the east 
suggests that the meandering stream formed a delta where it emptied into a lake. 
The Fm facies that lies on top of the St facies represents vertical accretion deposits that 
formed on a floodplain similar to modem and ancient examples that have been documented by 
Allen (1964, 1965b, 1970b), and Steel (1974). The laterally extensive sheet-like KH-1 sandstone 
at the "Lucy" site (AL 288) represents the deposit of a crevasse splay that spilled out across the 
floodplain fi^om a channel. This sandstone was introduced into the floodplain environment as the 
result of flow through a breached levee. The Fm facies may not simply result from ventrally 
accreted floodplain deposition. Rather it could have resulted, at least partly from reworking by 
eolian processes interpreted by the degree to which clay has been winnowed out. Root casts and 
calcareous nodules within the Fm facies indicate that pedogenic processes modified the deposits. 
Mudcracks and the occurrence of caliche within the siltstones and mudstones suggests an arid 
climate. Similar caliche profiles have been reported by Steel (1974) and Allen (1965) in ancient 
floodplain deposits. Caliche is known to develop in semi-arid to arid climates (Gile et al., 1966). 
The occurrence of root casts in the mudstones suggests that the floodplain area was vegetated. 
The presence of large fossilized tree trunks in SH-3 and DD-3 sandstones suggests that the channel 
margins were forested sinailar to the present day Awash River. 
The geometry of the sandstone bodies provides further information regarding the nature of 
the stream system. The St facies ( BS-1 and BS-2 sandstones) of the Basal Member is laterally 
restricted to the overbank deposits. Since their width to thickness ratio is less than 10, they are 
classified as ribbon type sand bodies (meandering stream) (Blakey and Gubitosa, 1984). The SH-1 
and SH-2 sandstones have a width to thickness ratios between 15 and 100, indicating that they are 
narrow sheet-like sand bodies. The KH-1 ("Lucy") sandstone consists of connected ribbon and thin 
sheet sandstone bodies. The ribbon-like sandstone bodies of the KH-1 sandstone represent a 
meandering stream deposit whereas, the thin sheet-sandstone bodies represent crevasse splays 
deposited in low-lying areas of the floodplain during flooding episodes. The SH-3 sandstone of the 
Sidi Hakoma Member, the DD-3 sandstone of Denen Dora Member, and the KH-3, KH-4, and 
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KH-5 sandstones of the lower part of the Kada Hadar Member are laterally extensive, sheet-like 
meandering stream deposits. These deposits are comparable to those of modem meandering 
streams that are formed as the streams migrate across the floodplain (McCowen and Gamer, 
1970). Moody-Stuart (1966) suggest that the sheet-like sandstone geometry is a diagnostic 
characteristic of meandering stream channel sands. Transverse and longitudinal sections of the 
DD-3 sandstones show a multi-storey and multi-lateral sandstone complex that resulted from the 
amalgamation of channel deposits. Prominent erosional surfaces occur between channel deposits in 
the sections traverse to paieocurrent directions. 
Paieocurrent data on the direction of sediment transport, taken from the sandstone 
bodies is useful in understanding the depositional environment and in determining the channel 
type and stream flow directions. Paieocurrent directions of the Hadar Formation sandstones 
commonly trend to the north and northeast indicating transport from the south and west. 
Channels with paieocurrent directions dominantly from the west and southwest are interpreted 
to have had their headwaters in the Ethiopian escarpment and/or in the central highland. The 
wide dispersion of flow directions suggests the existence of a high sinuosity river system. These 
sandstone bodies were deposited by river systems in elongate, stmcturally controlled basin. In a 
modem basin like the Main Ethiopian Rift (MER), the major river systems tend to be longitudinal 
or parallel to the structural boundary, whereas the tributary streams are transverse to these 
boundaries and are generally shorter and smaller. The occasional occurrence of vertical changes 
in paieocurrent direction obtained from trough cross-beds of the DD-3 and KH-3 sandstones 
suggest channel shifting of the meanders. Miall (1976b) argues that vertical change in 
paieocurrent direction in a fluvial sequence is due to "meander" shifting, assuming that there is 
no change in climate or tectonic activity during deposition of the sequence. However, neither 
climatic nor tectonic changes can be completely ruled out. The presence of one flow direction 
in BS-1 and BS-2 sandstones does not suggest that they are diflferent river systems. They are 
most probably narrow valleyed meandering streams, similar to the present Awash River where 
one flow tends to predominate compared to a river with higher amplitude meanders. Also 
these sandstone were subjected to very few measurements due to lack of exposure. 
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Interbedded ostracod-bearing fissile shale, thinly bedded gastropod limestone. 
fine grained sandstone and mudstone facies association( C) 
Description 
Facies association C is extensively distributed throughout the study area. Prominent 
exposures occur within the upper portion of the Sidi Hakoma Member at Kahuii Koma, Afafoli, 
AL 333, AL 288, Sinsali, and Ounda Hadar. This facies association is also exposed in the lower 
portion of the Kada Hadar Member, extending across the breadth of the study area. It grades 
upward from facies association B and passes vertically into the facies association D. Sequences of 
facies association C up to 20 m thick are present in the Sidi Hakoma Member at Ounda Hadar. 
However, the maximum thickness of this facies association in the lower part of the Kada Hadar 
Member is only 2 to 4 m 
The lower portion of facies association C contains interbedded thin limestones (Lm), 
siltstones (Fm) and sandstones (Sr) (Figure 41). The Lm facies consists of thinly bedded (10 to 20 
cm thick), grayish orange (10 YR 7/4) to pale yellowish orange (10 YR 6/2), micrite with abundant 
gastropod shells (Kilopastra Sp., Ceopatra Sp., and Pellipids Sp. and Melania Sp., Bellamya Sp. 
of Tierceiin, 1986), and algal oncolites. Disarticulated fish bones and occasional whole and/or 
broken bivalves may also occur in Lm facies. Individual beds are uniform but most pinch out to the 
east and west. At Denen Dora Koma, the upper surfaces of these limestones display poorly 
developed symmetrical ripple marks and thin algal mat encrustations. Most are laterally linked 
hemispheroids (Logan et al., 1960) or cumulate structures (Preiss, 1977). The algal horizons are 
generaUy not laterally persistent and can be traced only for a few meters. Structurally, they consist 
of irregular discontinuous wavy lamination. The Lm fecies may also contain algal oncolites of 3 to 
10 cm in diameter. The oncolites consist of micritic laminae encircling intraclasts of siltstone, 
mudstone and/or sandstone. 
The Lm facies is interbedded with thinly bedded Sr and/or Sh and Fm facies. The Sr facies 
(represented by the SH-4 sandstone. Figure 41), is a moderately to poorly sorted litharenite to 
feldspathic litharenite. This sandstone is ripple laminated (Sr) and horizontally stratified (Sh) and is 
occasionally bioturbated. At locality AL 288 and Sinsali, it contains small concretions (2 to 3 cm 
diameter). A few scattered gastropods occur in its upper portion. Locally, it is capped by a 10 to 
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Figure 41. Facies of the upper sequence of the interbedded ostracod-bearing fissile shale, 
thinly bedded gastropod limestone, fine-grained sandstone and mudstone facies association. 
20 cm of Lm facies containing gastropod. The Fm facies is a pale yellowish brown (10 YR 6/2), 
laminated siltstone, that is sandy at its base and very argillaceous at its top. It contains gastropods, 
small spherical carbonate concretions, and a few plant Segments. 
The "Pink Marl", exposed in the Sidi Hakoma Member at Afefoli and Denen Dora Koma 
(Figure 41) has slightly different characteristics than the Lm facies of the study area. Although, the 
"Pink Marl" is similar to Lm facies, it is devoid of gastropods, and algal stromatolites and oncolites. 
It is grayish orange pink (10 YR 8/2) to moderate reddish orange (10 YR 6/6), massive and very 
calcareous, and occasionally contains fiactures lined with coarse grained calcite (sparry calcite). 
The Lm, Fm and Sh facies give way to an interbedded sequence of ostracod-bearing fissile 
shale (Ff), limestone (Lm), dark yellowish brown laminated mudstone (Fl), barite concretion-
bearing mudstone (Fmb), carbonaceous mudstone (Fmc), trough cross bedded litharenite (St) and 
siltstone (Fm) (Figure 42). The Fmc facies is a dusky brown (5 YR 2/2) to dusky yellowish brown 
(10 YR 3/2), massive to blocky mudstone. It is less than 4 m thick to the west and increases to 10 
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Figure 42. Facies of the upper sequence of the interbedded ostracod-bearing fissile shale, thinly bedded 
gastropod limestone, fine-grained sandstone and mudstone facies association. 
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m thick b the east. The dusky brown color is a characteristic feature of this facies. The mudstone 
generally breaks into millimeter to centimeter scale fragments along the slickensides. Occasional 
clay-coatings and manganese oxide stains occur along slickesided fractures. Desciciation cracks up 
to 10 cm deep are common. This facies contains scattered gastropods and minor concretions of 1 
to 3 cm in diameter. It is devoid of root casts. 
In most measured stratigraphic sections the Fmc facies is overlain by the Fmb facies. The 
Fmb facies, which varies in thickness from 0.5 m, at Merkata Negeria and Kahuli Koma, to 3 to 4 
m, at Sinsali and Ounda Hadar. It is a dark yellowish brown (10 YR 4/2) to moderate brown (5 
YR 3/4), massive to blocky mudstone, interbedded with thin (2 to 5 cm thick) discontinuous 
limonitic Lm facies. No significant textural and compositional variations were observed either 
vertically or laterally, other than the presence of desciciation cracks, and abundant barite 
concretions, septarian carbonate concretions and fish bone fragments at Sinsali and Ounda Hadar. 
The barite concretions are typically 3 to 4 cm in diameter and spherical (Figure 43). The septarian 
calcareous concretions and nodules are dominantly calcite and/or dolomite with barite vein-lets, 
filling shrinkage fractures. The Fmb facies is interrupted by the St facies which is a north-south 
trendmg, low angle cross-stratified sandstone. This 0.5 m thick sandstone is rich in gastropods and 
pelecedpods. It is well exposed near locality AL 288 and along the Sinsali drainage where it can be 
traced east-west for about 400 m. 
In most sections the Fmb facies is capped by the Ff facies, but locally it is overlain by a 
massive to blocky, mudstone Fm facies. The Ff facies is a fissile shale, it interbedded with several 
of the Triple Tuffs (TT-3, TT-4, and TT-5). It is up to 1.5 m thick and is characterized by 
prominent to very subtle laminations. The shale is typically light olive gray (5 Y 5/2) in its lower 
portion and grades vertically into a very pale orange (10 YR 8/2). It contains abundant ostracods 
{Cyprides Sp. Peypouquent et ai, 1983, and Tiercelin, 1986) and fish bone scales and fragments. It 
is laterally persistent without a significant variation in thickness. 
The facies association C in the lower part of the Kada Hadar Member is slightly diflferent 
from that of the Sidi Hakoma Member in terms of thickness and sequence. In the lower part of the 
Kada Hadar Member, facies association C contains Ff facies (Confetti Clay) and a thin Lm facies of 
10 to 20 cm thick. The Ff facies possesses a sharp basal contact and is generally underlain and 
Figure 43. Photographs of the interbedded ostracod-bearing fissile shale, thinly 
bedded gastropod limestone, fine grained sandstone and mudstone facies association C. 
a) The Fmc, Ff, Fmb and St facies of Facies association C exposed near the 
"Lucy" site including the laterally continuous DD-2 sand. 
b) Barite-bearing concretions of the Flmb facies 
c) Gastropod fossils of the Lm facies 
d) Limonitic gastropod-bearing concretions of Fmb facies 
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overlain by a 10 to 20 cm thick, pale yellowish orange (10 YR 8/6), gastropod-bearing {Melmia 
Sp., Bellamya Sp. Kilopastra 5p.Tiercelin, 1986) limestone bed (Lm fades). However, in the 
lower part of the Kada Hadar Member, the Ff facies grades vertically into a 1 to 2 m thick, pale 
orange (10 YR 8/2) to grayish orange (10 YR 7/4), laminated mudstone (F1 facies) (Figure 42). 
This mudstone contains a few ostracods and is rich in clay nodules (2 cm diameter), plant 
fragments, and animal or insect burrows (5 cm long) filled with calcite-cemented. Large elongated 
burrows with a diameter of approximately 5 cm are sometimes present. The Ff facies is laterally 
persistent over several kilometers. 
In the lower part of the Kada Hadar Member, above the KH-5 sandstone, facies 
association C consists of a sequence of Ff and Lm facies interbedded with Fm, Fp, and Fmr facies 
and the Bouroukie 2 TuflEs (BKT-2). Here, the Ff facies, ("the Green Marker TuflP') is light olive 
gray (5 Y 5/2) to yellowish gray (5 Y 7/2) and is well laminated. Ostracods and fish bones and 
scales are abundant. Occasional plant impression are also present along bedding surfaces. 
Burrows of 1 to 4 cm in length are present in the upper portion of the unit. This facies is capped by 
the Fm facies which is a 1 to 3 m thick, pale yellowish orange (10 YR 8/6), massive to laminated, 
argillaceous siltstone. Several thin (10 to 15 cm thick), very pale orange (10 YR 8/2) limestone 
beds of the Lm facies underlay and overly the lower BKT-2L. These limestones are ripple cross-
laminated and contain abundant gastropods {Mlania Sp., Bellamya Sp. Kilpastra Sp.), and are 
occasionally interbedded with thin (2 to 3 cm thick) coal seams. 
Depositional environment 
The stratigraphic sequences of the upper part of the Sidi Hakoma Member and the lower 
part of the Kada Hadar Member represent shallow fi-esh-water lakes (Figure 44). The lower 
portion of the facies association C of the Sidi Hakoma Member is similar to sediments 
accumulating in marginal lacustrine environments as described by Fielding, 1984, and Billi and 
Sagri, 1990. The lower portion of the facies association includes the Sr facies and the rippled and 
gastropod-bearing Lm facies, suggesting shore line or near shore environments. Fossils including 
gastropods, algal oncolites, and plant rootlets and impressions suggest a marginal lacustrine 
environment. 
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The Lm facies is common in fresh water lakes where carbonate sedimentation is not 
overwhelmed by the input of clastic material. At Hadar, the Lm facies containing abundant 
gastropods represents a lake margin. A similar interpretation has been suggested by Ryder et ai, 
(1976) for 30 to 40 cm thick limestone units interbedded and/or interfingering with thin sandstones 
and siltstones in the Uinta Basin, Utah. The St facies with its gastropods and pelecepods may 
represent beach deposits during local and regional transgression of the shore line. Vertical 
repetitions of the Lm and Fm facies and the thinly laminated Sr facies, may be due to fluctuations in 
lake level in response to tectonic and climatic changes along the Ethiopian escarpment. Limestone 
deposits of the Lm facies formed in bicarbonate rich ponds adjacent to the main body of the lake 
(Piatt and Wright, 1992), or originated along a lake margin where wave reworking, intense 
bioturbation and frequent subaerial exposure alternated repeatedly (Ryder et ai, 1976). The 
intense red (pink) color of the Pink Marl may indicate that the periods of exposure were relatively 
long (Piatt and Wright, 1992). 
The facies relationship in the upper part of the Sidi Hakoma Member and lower part of the 
Kada Hadar Member suggests shallow fresh water lakes, characterized by slight variations in water 
level. The presence of ostracods in the Ff and FI facies suggest that a lake environment was 
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present with salinity possibly reaching the mesohaline level (Peypouquent et ai, 1983). Vertical 
color and textural variations of the Ff facies indicate water level fluctuations subjected lake mud to 
subaerial exposure, resulting in burrowing and desciciation of the surface. In addition, the presence 
of barite nodules, carbonate nodules and septarian concretions, and highly limonitic carbonate 
concretions in the fissile shales provide evidence for deposition in an anaerobic to dysaerobic 
environment (Bolz, 1974). Carbonate nodules associated with barite can buffer the pH of the lake, 
permitting the barite to remain stable under reducing conditions (Bolz, 1974). The source of 
barium for the origin of barite nodules has been suggested as local hydrothermal activity or hot 
springs from deep magma (Tiercelin, 1986). Barium can also be concentrated in the lake by 
alteration and dissolution volcanic ash in anoxic waters and later precipitated at the redox interface 
to form barite nodules (Dawson, 1985). The association of desiccation cracks and slickensides in 
the Fmb facies is diagnostic of a vertisoL, which reflects pronounced wetting and drying of a 
smectite rich parent material in a strongly seasonal climate (Marriott and Wright, 1993). Thus Fmb 
facies may represent muddy shores of the lake that were exposed in the dry season when the lake 
receded. 
The facies sequence in the lower part of the Kada Hadar Member, at the level of BKT-2, 
may represent the waning stage of the last lacustrine phase in the study area. The Ff and Lm facies 
are the only units which belong to this depositional environment. The concentration of carbonate 
nodules and root casts in the overlying Fm facies is typical of pedogenically modified floodplain 
deposits. This facies is associated with the KH-5 sandstone which is the deposit of the last 
meandering stream in the study area. Frentet and Plaziat (1982) observed thin lenses of limestones 
(about 3 to 30 cm thick) in association with a light olive gray fissile shale that was interbedded with 
siltstones and mudstones. They interpreted these as the deposits of floodplain ponds associated 
with a meandering stream The presence of thin coal beds with carbonaceous gastropod-rich 
limestones along with the BKT-2 tuflf suggests deposition in a floodplain pond or swamp. 
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Interbedded flne grained sandstone, siltstone and mudstone facies association 
Facies association D 
Description 
Facies association D, the interbedded fine-grained sandstone, siltstone and mudstone 
association, is less prevalent in the study area than the other three fades and is exposed only within 
the lower portion of the Denen Dora Member where it attains a thickness of seven to ten meters. 
This facies association is typified by the exposures at Sinsali and locality AL 288 where the medium 
to coarse-grained trough cross bedded sandstone, siltstone, and mudstone of facies association B 
grades laterally into facies association D. Further east, at Erda, facies association D commonly 
grades laterally into facies association C. 
In the western and eastern extremities of the study area, facies association D begins with 
the Fm facies composed of a 0.9 to 1.5 m thick, pale yellowish brown (10 YR 6/2), massive to 
blocky, argillaceous siltstone (Figure 45). At locality AL 288 and Sinsali, this unit is capped by the 
St facies which is a poorly sorted, trough cross bedded (<10 cm), litharenite to feldspathic 
litharenite (the DD-1 sandstone). Paleocurrent data fi^om the trough cross-sets show a narrow 
dispersion with flow toward the northeast. Laterally, toward Ounda Hadar, the St facies changes 
to small scale tough cross bedded (Sr) and horizontally laminated (Sh) sandstones. Alternating 
siltstones and parallel laminated sandstones are common at this locality that contain vertebrate 
fossils (fish skeletons, crocodile teeth and hippopotamus) and gastropods. 
The Sh and/or Sr facies grades vertically into the Fm facies, which is a 1 to 3 m thick, dark 
yellowish brown (10 YR 4/2), blocky siltstone. In the central and eastern part of the study area, at 
AL 333 and at Sinsali, this facies is interbedded with thin unfossiliferous limestone (Lm facies) 
and a pale yellowish brown (10 YR 4/2), massive mudstone Fm facies. This in turn grades 
vertically and laterally into a 1 to 1.5 m thick Fmf facies of light olive gray (5 Y 5/2), massive to 
poorly laminated mudstones. The Fmf facies is laterally continuous for several kilometers fi-om 
Kahuli Koma in the west to Ounda Hadar in the east. Scattered fish bones and scales and 
gastropods are present locally along with occasional small very pale orange (10 YR 8/2) carbonate 
concretions. 
The St facies, represented as the DD-2 sandstone on the graphic sections (Figure 45), is a 
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Figure 45. Facies sequence of interbedded medium to fine-grained sandstone, siltstone, and mudstone facies association. 
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1.5 m thick, poorly sorted, unconsilidated, trough cross-stratified (<20 cm) litharenite. It overlies 
the Fmf fades at Kahuli Koma, Sinsali and Ounda Hadar. Paleocurrent data for the direction of 
transport obtained fi-om the trough cross-beds range fi-om the northwest to the north, indicating 
similar flow directions as the DD-1 sandstone. Cross section to the paleocurrent direction along 
Sidi Hakonia, Denen Dora and Kada Hadar drainages indicate that the St fades of DD-2 sandstone 
is discontinuous and pinches out into siltstone. Pebbly coarse sandstone and/or conglomerate (Gh 
facies) occasionally occur at the base of this fades. Laterally, toward Sinsali and Ounda Hadar, the 
St fades grades into thin (5 to 10 cm thick) horizontally stratified sandstones (Sh fades) 
interbedded with siltstone. The basal contact of the DD-2 sandstone occasionally shows evidence 
of erosional scouring and deformational structures. At Ounda Hadar, alternating sandstone and 
siltstone are more common. The sandstone beds exhibit parallel or wavy lamination, and contain 
fossil remains of fish, crocodile and hippopotamus as well as coalified plant debris and petrified 
wood fi-agments up to 5 cm in diameter and 30 cm in length. Similarly, the siltstones are thicker 
(10 to 15 cm) and contain the same fossils as the sandstones. The entire sequence is capped by a 
1.5 to 2.5 m, massive to blocky Fm and/or Fp fades of pale yellowish brown (10 YR 4/2). This 
fades is burrowed and contains abundant small calcareous root casts Oess than 6 cm in diameter 
and up to 50 cm long) and nodular concretions (up to 2 cm in diameter). It is occasionally 
interbedded with 10 to 20 cm thick, laterally extensive lenses of sandstone that contain limonitic 
concretions and small root casts (up to 0.5 cm in diameter and 1 to 2 cm in length). Measurements 
of representative root casts fi"om this fades at AL 333 are shown in figure 46. 
In summary, the most striking characteristic of fades assodation D is the progressive 
coarsing upward of the sequence. Fades assodation D begins with either Fm, and St and Sh 
facies, erosionally or graditionally overlying fades assodation C. The lateral gradation of St fades 
within the DD-1 and DD-2 sandstones, into fine-grained, horizontally laminated sandstones (Sh) 
and finally into siltstones (Fm) is characteristic of this fades assodation. 
Depositional environment 
Fades assodation D is interpreted to have been deposited on a deka plain that included 
distributary chaimels, and marshes, and floodplain deposits (Figure 47). However, little 
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Figure 46. Representative diameters and length of root casts common in the siltstone 
immediately below DD-3 sandstone. 
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Figure 47. Block diagram showing the relationship of deltaic, marginal and shallow 
lacustrine environment. 
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evidence is present in the study area for a deltaic depositionai environment. In the ideal 
sequence, prodelta deposits are overlain by delta front, distributary channel and overbank 
deposits. Although this complete sequence is not developed in the area, a few parts are present. 
Recognition of ancient deltaic sediments is complicated by the faa that criteria must be 
identified to differentiate between the fluvial and delta plain depositionai environment. Delta 
plain, sedimentary sequences contain no distinctive single fades (Miall, 1984b). They are 
characterized by assemblages of fades that occur in the fluvial environment. Miall (1984b) 
suggests that identification of andent delta deposits is best accomplished in a series of steps, 
distinguishing characteristics of fades types, bed geometries and cyclic successions. The lateral 
fades change of the DD-1 and DD-2 sandstones from large scale trough cross-stratification, 
medium to coarse-grained sandstone in the west to cross-laminated, fine-grained sandstone in the 
east side of the study area suggests that a meandering stream gave way to deltaic depositionai 
environment. The cross-sectional views along the Sidi Hakoma and Kada Hadar drainages of 
these sandstones and their discontinuous character may represent distributary channel on a delta 
plain perhaps delta front subaqueous sandstones. The DD-1 and DD-2 sandstones which 
exhibits parallel lamination, bioturbation and sometimes small scale trough cross-lamination and 
often containing fish bones and hippopotamus and crocodile teeth are interpreted as distributary 
mouth bar deposits or lateral gradations of deka front. The occurrence of alternating sandstones 
and siltstones with thin occasional laminated mudstone in DD-1 sandstone at Ounda Hadar 
supports this interpretation. The laminated to massive bioturbated light olive gray mudstones 
(Fmf fades) that contain fish bones and scales are delta plain deposits which include marsh. The 
occurrence of deformation structures along the contact between the St fades of DD-2 and the 
underlying Fmf facies indicates syndepositional loading or rapidly deposited silts or sands onto 
muds such as could occur in the subaqueous front of a delta (Miall, 1990). 
THE RELATIONSHIP OF HOMINID RE.\L\INS TO THE FACIES 
The Hadar Formation is well known for its abundant hominid remains (Cooke, 1978; 
Gray, 1980, Gray e/a/., 1980 and Gentry, 1981). Intensive surveys of exposures of the Hadar 
Formation have resulted in the recovery of an exceptional collection of hominid specimens. 
Since 1974, over 350 hominid fossils, ranging in age from 3.4 to 3.2 Ma have been collected 
from the Hadar (Walter and Aronson, 1993, and Kimbel e/a/. 1996). The female skeleton 
"Lucy" (AL 288), the partial remains of at least 13 individuals known as the "First Family" 
(AL 333) and the new adult Homo male skull (AL 666) are the most outstanding discoveries 
and are world famous insitu specimens (Johanson et ai, 1978; Johanson and White, 1979; 
Aronson and Taieb, 1981; Johanson et al, 1982; and Kimbel et ai, 1996). These and most 
other hominid specimens collected have been assigned to Australopithecus afarensis 
(Johanson e/a/., 1978; White and Johanson, 1989). A very high proportion of the fossil 
discoveries oiAustralopithecus afarensis come from Hadar which illustrates the importance 
of this site and the importance assigned to understanding the paJeoenvironments at Hadar in 
which the hominid lived. 
Many workers have interpreted the depositional environments of the strata which have 
yielded the important archeological, paleoanthropological and paleontological finds at other 
sites in East Africa, for example in East and West Turkana, Omo, Olduvai Gorge, and Middle 
Awash (Behrensmeyer, 1974; Vondra and Bowen, 1976; Burggraf and Vondra, 1982; 
Brown, 1982; Hay, 1987; Fieble et al., 1989; Berhane et ai, 1992; and WoldeGebriel et 
al., 1992). As compared to these sites, the depositional environments at Hadar have been 
poorly understood. Almost all geological research thus far has concentrated upon the 
interpretation of depostional environment of the "First Family" site locality AL 333. Aronson 
and Taieb (1981) suggested that the 13 individuals whose remains constitute the "First 
Family" were buried on a floodplain. 
As previously noted, four major facies associations have been identified in the study 
area that represent alluvial fans, braided streams and braid deltas (Facies association A), 
meandering streams and associated floodplains (Facies association B), marginal and shallow 
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lacustrine environments (Facies association C) and delta plains that included distributary-
channel and floodplain (Facies association D) deposits. Meandering stream systems deposits 
comprise more than 70 % of the Hadar Formation. The most striking observation is that a 
significant number of the fossil discoveries have come from the Denen Dora Member of the 
Hadar Formation (Table 13). More specifically most have been found a few meters below and 
above the DD-3 sandstone, in sediments that belong to two facies associations, the large scale 
trough cross bedded sandstone, siltstone and mudstone facies association (B) and the 
interbedded medium to fine-grained sandstone, siltstone and mudstone facies association (D) 
that represent meandering stream and a deltaic depositional environment. Furthermore, 
almost all of the hominid fossils are confined to the central sector of the Hadar Formation 
between the present day Sidi Hakoma and Kada Hadar drainage systems. This area at the 
time represented by these stratigraphic sequences, provided a combination of a suitable 
environment and high potential for preservation of vertebrate remains. 
A few important hominid discoveries, however, have come from the Kada Hadar 
Member. The skeleton of "Lucy" (AL 288) was recovered from the BCH-l sandstone of lower 
part of the Kada Hadar Member, one meter above the Kada Hadar Tuff (KHT dated at 3.21 
Ma). The adult male skull (AL 444) was found about 10 m below Bouroukie Tuff 2 (BKT-2 
dated at 2.92 Ma) also in the lower part of the Kada Hadar Member. At a much higher 
stratigraphic level a maxilla belonging to Homo sp. (AL 666) was recently discovered, about 
0.8 m below the Bouroukie Tuff 3 (BKT-3 dated at 2.3 Ma). As of yet hominid fossils have 
not been discovered in the Basal Member of the Hadar Formation. 
Sidi Hakoma Member 
Several fossil hominids have been found in the Sidi Hakoma Member (Table 13 and 
Figure 48). However, none of the fossils were in place. Various mandible and maxilla 
fragments, a proximal portion of femur and an occipital condyle and molar fragments have 
been collected from the surface. Thus, their stratigraphic position is uncertain and difficult to 
suggest their exact depositional environment. 
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Table 13. List of hominid specimens of the Hadar Formation. 
Specimen Identification Stratigraphic position 
(> above and < below) 
Sidi HaKoma Member 
A.L. 125-11 left maxilla frag. P3-M1 fi^gs 2 m>SHT 
A.L. 137-50 right humerus 5 m > SHT 
A.L. 152-2 right proximal femur 10m<KMT 
A.L. 198-22 left mandible fr^g. M1-M2 fi^g 5.5 m <SH-2 sandstone 
A.L. 224-9 occipital frag. 13.0m <SH-2 sandstone 
A.L 225-8 left mandible frag. M1-M3 0 m > SHT 
A.L. 237-3 left mandible frag. 1.5 > SHT 
A.L. 330-5 mandible LC frag., RP4-M3 7.5 m <DD-3 sandstone 
A.L. 330-6 right proximal tibia 2 m > Pink Marl 
A.L. 417-la-d left mandible frag. C-M3 33 m > SHT 
A.L. 418-1 left mandible frag. M2 31 m>SHT 
A.L. 423-1 right maxilla frag. M2 4 m < KMT 
A.L. 465-5 lower molar frag. 1.5 m> SHT 
A.L. 600-1 left pro.ximal femur 12 m < KMT 
A.L. 604-1 left mandible ramus fragment. 4 m <TT-1 
Denen Dora Member 
A.L. 176-35 left lower P4 DD-1 sandstone 
A.L. 293-3 upper central PI 16 m > Tr-4 
A.L. 309-8 upper molar frag. DD-3 sandstone 
A.L. 315-22 right mandible frag. 7.5 < DD-3 sandstone 
A.L. 330-5 mandible Lcf, RP4-M3 4m<7Tr-4 
A.L. 330-6 right proximal tibia DD-3 sandstone 
A.L. 333-(140-162) 216 bones of 13 individuals DD-2 sandstone 
A.L. 413-1 right maxilla fiag.,C-M3 roots 13 m> TT-5 
A.L. 427-(IA-C) Maxilla LM3 f and molar ftag. 0.5 m < DD-3 ss 
A.L. 432-1 right mandible frag., M2-M3 ff DD-3 sandstone 
A.L. 433-(lA-lC) right mandibi frag., P4 f 1 m > DD-3 sandstone 
A.L. 486-1 left maxilla, I1-I2,P3-M3 DD-3 sandstone 
A.L. 487-(lA-lG) 3 left mandible and 2 left maxilla 2.4 m < KHT 
A.L. 545-3 right distal tibia 12.5m < DD-3 sandstone 
A.L. 582-1 mandible frag. II. LP4-M, 4.6 m < confetti clay 
RP3-M1 flf 
A.L. 620-1 left mandible ramus fragment DD-2 sandstone 
A.L. 699-1 right P4 lower fragment DD-3 sandstone 
A.L. 701-1 left frontopariental fragment KH-l sandstone 
Lower part of Kada Hadar member 
A.L. 288-(lA-lG) 
A.L. 437-2 
A.L. 439-1 
"Lucv'" 
left mandible frag. P4-m3 
occipital 
KH-1 sand 
17 m <BKT-2 
7.5 m < BKT-2 
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Table 13. Continued. 
Specimen Identification Stratigraphic position 
(> above and < below 
A.L. 438-1 manual phalanx frag. 10 m < BKT-2 
A.L. 440-1 right mandible frag. V.P3. l7 .5m<BKT-2 
LM1-M2.LC.I1.RP4 
A.L. 442-1 right maxilla, M2f 5 m < TT-5 
AL. 443-1 left mandible fiag. SH-1 sand 
AL. 444-(la-g) adult male skull 10.5 m < BKT-2 
AL. 457-2 right parental frag. 7 m < BKT-2 
AL. 582-1 mandible frag. I1.LP4-M1. 4.6 m < CC 
RP3-M1 ff 
Upper part of Kada Hadar Member 
AL666 maxilla 0.8 m < MMT 
Denen Dora Member 
About 95% of the Hadar hominids finds have been in the Denen Dora Member that 
comprises only 20% of the Hadar Formation. The graphic section of the Denen Dora Member 
indicates that the lower part of the member is characterized by interbedded fine-grained 
sandstone, siltstone and mudstone facies association (D) that represent delta plain deposits. 
The 216 skeletal elements of 13 individuals (know as the "First Family") were discovered 
from this facies and will be discussed in more detail below. 
The "First Family" site (AL 333) 
One of the great discoveries fi^om the Denen Dora Member was made in 1975 when 
several hominid fossils were found in short succession eroding fi-om sediments along a slope 
beneath the DD-3 sandstone at locality 333 (Kimbel et al, 1994). Excavations at this site AL 
333 led to the recovery of 216 fossil bones, representing a minimum of 13 individuals 
(Johanson et al. 1982, White and Johanson, 1989) known as the "First Family" site. These 
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hominid remains were found in siltstone occurring between the Triple TufF4 (TT-4 dated at 
3.23 Ma) and Kada Hadar TufF(KHT dated at 3.18 Ma), 1.3 m above the DD-2 sandstone 
and 2.3 ra below the DD -3 sandstone. They were collected from a 2 m thick dark reddish 
brown (10 YR 6/2), arenaceous siltstone with abundant root casts and carbonate concretions. 
Based on the facies interpretations discussed above, lacustrine conditions in the upper 
part of Sidi Hakoma Member extended into the lower part of the Denen Dora Member. This 
facies vertically gives way to a sequence that represents a delta plain. The DD-1 and the DD-
2 sandstone together with sihstone, mudstone and thin limestone facies appearing in the lower 
portion of Denen Dora Member represents a delta plain that includes distributary channel, and 
marshes that laterally grade into delta front deposits to the east at Erda (about I km out of the 
study area). The low paleocurrent dispersion and the lack of lateral accretion deposits suggest 
that the DD-2 sandstone was deposited in a low sinuosity distributary channel. The hominid 
bearing siltstone thus represents a floodplain associated with the adjacent distributary channel 
of the DD-2 sandstone. Aronson and Taieb (1981) suggested that this sandstone body (DD-2 
sandstone) represented a distributary channel on a delta plain and crevasse channels flinneled 
flood waters from the major channel onto the flood basin where mostly siltstones 
accumulated. The writer supports this idea, however, the absence of channels branching from 
the major channel of the DD-2 sandstone, and laterally extensive sheet sandstone suggests that 
crevasse channels may not have been associated with the distributary channels of the DD-2 
sandstone. 
The presence of carbonate concretions and carbonate root casts in the hominid-bearing 
siltstone indicate that pedogenic processes modified these deposits. Discontinuous horizons 
of calcrete nodules, separated from each other by siltstone, indicate that this area was the site 
of soil formation for extended periods of time. Carbonate root casts are abundant and most 
probably represent carbonate precipitation in the B-zone of seasonally arid soils that 
developed on a rapidly accumulating (vertically accreted) floodplain (Aronson and Taieb, 
1981; Retallack, 1990). The nature of root casts provides evidence of former vegetation. The 
presence of fine root traces are evidence of a herbaceous, probably grassy cover, and the 
minor rhizoconcerations present also are an indication of dry wood land (Radose\'ich ct al.. 
1992). 
Why did thirteen individuals die sirauhaneously and why were they preserved in an 80 
cm thick horizon? Aronson and Taieb (1981) suggested that the hominids died as a result of a 
sudden flood event. The absence of a laterally extensive, thin sheet sandstone or siltstone 
connected to the DD-2 sandstone channel or several less extensive sheets of sandstones that 
represent channel over flow on the floodplain indicates that the DD-2 sandstone was a 
distributary channel confined within overbank deposits. The presence of siltstone 
interfingering with the DD-2 sandstone along the Kada Hadar drainage is good evidence that 
the hominid-bearing siltstone is an overbank deposit associated with DD-2 sandstone 
distributary channel. The DD-2 sandstone was physically traced from the western margin of 
the study area to the "First Family" site, and transverse sections revealed that it is about 150 
to 200 m wide and confined in most cases within the overbank deposits. This sandstone also 
displays cross-bedding dipping towards the north, scour structures, and convoluted bedding 
due to slumping. Why the "First family" hominid died is still unclear, but considering the 
orientation of the bones and weight, it is likely that they died at or very near the site where 
they were preserved (Radosevich et al., 1992). There is also no evidence of scavenging or 
predation (Radosevich el al., 1992). There is no evidence of a geological catastrophe either, 
thus flooding was not the cause of their mass death, except that they are all within delta plain 
overbank deposits and preserved with little predation. The soil formation in the hominid-
bearing siltstone may represent stable geological conditions. The multilateral and multistory 
of DD-3 sandstone was deposited later on this paleosol developed on the dehaic plain. 
Lower Kada Hadar Member 
The lower part of the Kada Hadar Member includes a variety of facies that represent a 
meandering stream and its associated floodplain as well as a shallow lake. No fossil hominids 
have been discovered fi'om the shallow lacustrine deposits, however, abundant hominid 
remains have been collected fi'om the floodplain deposits (Figure 47 and Table 13). Of these, 
"Lucy" (AL 288) is the most outstanding in situ fossil collected from this member. 
"Lucy" site (Locality A.L. 288) 
One of the most outstanding hominids so far collected from the Hadar Formation is 
represented by a partial female skeleton olAustralopithecus afarensis (AL 288), known as 
"Lucy". "Lucy" is stratigraphically the lowest hominid collected from the lower Kada Hadar 
Member. It was collected from the KH-1 sandstone 1 m above Kada Hadar Tuff (KHT). 
This sandstone has yielded a variety of well preserved fossils such as crocodile and turtle eggs, 
rodent skulls and even crab claws (Johanson et ai, 1978). The BCH-1 sandstone is 
characterized by a ribbon type sand body with a thicker central body which is capped by a 
laterally extensive, thin sheet-like sand body. The sheet sand is linked physically to the ribbon­
like sand. The ribbons may result mainly from avulsion and/or laterally stable overbank 
deposits of meandering streams (Blakey et ai, 1984). The laterally extensive sandstone is 
interpreted as splay deposit formed during floods by crevassing of river levee (Figure 49). 
Events associated with flood conditions cause crevasse splays to develop along channels and 
provided a mechanism for supplying the floodplain with relatively large quantities of sediments 
(Coleman and Gagliano, 1965). 
The channel morphology and lateral accretion surfaces of KH-I sandstone exposed 
along the Sidi Hakoma drainage allow for a more detailed reconstruction of the meandering 
stream that deposited the KH-1 sandstone. The lateral accretion surfaces dip in opposite 
directions at Afafoli (SSW), Sidi Hakoma (SEE) and Farsita (NNW) indicating these 
exposures represent down stream adjacent point bars flowing towards the NE from Afafoli 
through Sidi Hakoma through Farsita. Paleocurrent data for the BCH-1 ribbon like sand bodies 
indicate an overall NNE paleoflow. The high paleocurrent dispersion and the presence of well 
developed lateral accretion surfaces suggests the stream that deposited KH-I was a high 
sinuosity meandering stream. The "Lucy" locaUty AL 288 was discovered about I km from 
the lower channel part of the KH-1 sandstone within a 0.5 m thick sheet of sandstone which 
represents the upper crevasse-splay part of the KH-1 sandstone. At Locality 288 the crevasse 
splay has locally cut out the KHT Tuff, that elsewhere directly underlies the KH-1 sandstone.. 
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Figure 49. Schematic diagram representative of paleogeography of the "Lucy" site (locality 
AL 288). 
Thus far no specimens of Australopithecus afarensis have been discovered in the 
upper Kada Hadar Member. As previously noted, there is no evidence for the presence of 
meandering stream or lacustrine deposits above the disconformity beneath KH-6 
conglomerate. The sedimentary environment changed to braided stream deposits and resulted 
in deposition of conglomerate interbedded with siltstones. The recent discovery of Homo sp. 
from sihstone from the upper part of the Kada Hadar Member above the disconformity 
suggests that there is not only a depositional environment change above the disconformity, but 
there is also significant faunal turn over and climatic change above the unconformity (Eck and 
Reed, in press). 
Homo species. (A.L. 666) 
The hominid specimen discovered at AL 666 is a well preserved, undistorted 
complete maxilla. Its facial, paltala nasal cavity, and dential morphologies characters have 
been attributed to the genus Homo ( Kimbel et al. 1996). This hominid was discovered in a 
tuflFaceous siltstone 18 m above the KH-8 conglomerate and 0.8 m below the Bouroukie Tuff 
3 (BKT-3 dated at 2.33 Ma, Kimbel et al. 1996). The sedimentary structure and geometry 
suggests that the KH-8 conglomerate represents the deposits of an easterly flowing braided 
Upper Kada Hadar Member 
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Stream. The hominid bearing (AL 666) tufFaceous siltstone represents overbank deposits that 
were modified by pedogenic and eolian processes. Dense concentrations of tiny rhizoliths are 
characteristics of this siltstone suggesting that grasses and small shrubs were the dominant 
vegetation. The overlying KH-9 and KH-10 conglomerates are both braided stream deposits. 
As evidenced by the thick sequence of overbank tufifaceous siltstone deposits in which the 
hominid was found are interpreted to represent the reworked overbank deposits of a major 
meandering river which the braided streams presumably joined somewhere to the northeast 
outside the study area. 
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PALEOGEOGRAPHY AND PALEOENMRONMENT 
The reconstruction of the paleogeography and the interpretation of depositional 
environments of the Pliocene Hadar Formation are based primarily on the distribution of major 
fades associations, the vertical sequences and lateral distribution of fades, compositional variation 
and structural data. The timing of tectonic events also provides additional data for 
paleogeographic and paleoenvironmental interpretation. 
The 3.4 to 2.0 Ma old Hadar Formation is a complex of fades representing alluvial fans, 
braided streams and braid deltas, meandering streams and assodated floodplains, shallow lakes, 
and delta plains with distributary channels and floodplains. The most obvious characteristic of the 
Hadar is cyclidty. Eleven meandering stream and floodplain cycles occur in the study area. The 
lower portion of the Basal Member is not exposed in the study area, however, Tiercelin (1986) has 
reported that shallow lacustrine sediments of minor extent are the dominant sediments. In the 
study area, the alternating sequence of trough cross-bedded sandstones (BS-1 and BS-2 
sandstones), laminated mudstones, siltstones and thin gastropod-bearing limestones of the upper 
part of the Basal Member are interpreted as the record of an axial meandering stream and 
floodplain and floodplain ponds (Figure 49). This environment persisted to the middle portion of 
the Sidi Hakoma Member and resulted in the deposition of Sidi Hakoma sandstones (SH-1 and 
SH-2 sandstones) of the ribbon type that are enclosed in thick floodplain mudstones. The 
geometry of the meandering stream deposits changes upward into a laterally extensive sheet 
sandstone, the SH-3 sandstone. This change in geometry is not clearly understood, but it probably 
resulted from a change in the rate of subsidence that occurred along the Western Ethiopian 
Escarpment. 
The fining upward sequences are interrupted by shallow lacustrine deposits in the upper 
portion of the Sidi HaKoma Member, as evidenced by the strata of the ostracod-bearing shale, 
gastropod-rich limestone, mudstone, siltstone and sandstone fades assodation (Figure 50). The 
most apparent characteristic of this fades assodation is the thickening trend towards the east and 
northeast. This may be due to an increase in subsidence rates toward the axis of deposition. The 
diversified ostracod fauna associated with gastropods confirms that the lake was mesohaline to 
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cligohaline (Tiercelin, 1986 and Peypouquent e/a/., 1983). The high content of smectite and 
minor amount of kaolinite in the lacustrine mudstones indicates that the lake was probably fed by 
large streams flowing from the Western Ethiopian Escarpment that carried smectite and lesser 
amount of kaolinite. Lacustrine beach deposits are not well preserved, but the east-west trending 
narrow deposit of small scale trough cross-stratified sandstone containing a high concentration of 
gastropods and pelecepods probably represents a beach deposit of a lake. 
The lake was filled by the eastward progradation of a deha that developed following the 
deposition of the Triple Tuff 6 (TT-6 dated at 3.2 Ma). This is recorded by the interbedded fine­
grained sandstone, siltstone and mudstone fades association. The most apparent feature of these 
deposits is the lateral change that occurs from trough cross-bedded, medium-grained sandstones to 
interbedded of thin, fine-grained sandstones, siltstone to the northeast and east (Ounda Hadar). The 
narrow dispersion and unidirectional paleocurrent data suggest the absence of numerous and 
complex distributary channels, similar to the present day Awash River draining into Lake Abbe 
with a few straight distributary channels. 
The filling of the lake was followed by a return of fluvial environments in the upper part of 
the Denen Dora Member. This was marked by the deposition of a broad sheet-like, large-scale 
trough cross bedded sandstone (DD-3 sandstone) and overlying siltstones that have a widespread 
paleosol with abundant root casts and calcareous nodules (Figure 50). This building out of land 
over former lake environments indicates the sedimentation exceeded subsidence in the Hadar area 
causing the environment to shift to that of a major meandering river that drained to the northeast 
towards the Red Sea. The lateral grain size change of the DD-3 sandstone from coarse in the west 
to very fine in the east over the Hadar area, together with the unimodal paleocurrent distribution 
towards the east and northeast, suggest a lateral change in the environment from meandering river 
fluvial plain in the west to delta plain with ditributaries in the east. A period of relatively low 
subsidence of the Ethiopian Rift and probable slight uplift of the Ethiopian Highlands allowed for 
the DD-3 channel to prograde over the Hadar basin and to break up into several distributary 
channels as they passed across the deltaic plain. The fioodplain deposits associated with the DD-3 
channel thicken towards the northeast and east, probably because of a higher rate of subsidence to 
the east. 
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Movement along faults bounding the rift, particularly along its western margin, influenced 
the paleogeography and sedimentary history of the Hadar region. Boulder to cobble 
conglomerates that pinch out into the DD-3 sandstone were deposited by braided streams that 
were the major tributaries to the axial meandering stream that deposited the DD-3 sandstone. 
Petrographic studies of the sand-sized clasts indicate that the felsic volcanics of the Oligocene Alji 
exposed in the Western Ethiopian Escarpment were the major source rocks for the sandstones of 
the Denen Dora Member. These results do not agree with the heavy mineral data, which indicate 
that all of the sandstones contain high concentrations of augite, suggesting the dominant source 
were probably mafic (basalts/ andesites) volcanic rocks. The detailed petrographic studies, 
however show that most volcanic rocks of the Western Ethiopian Escarpment contain minor to 
abundant amounts of augite occurring either as phenocryts or distributed randomly in the 
groundmass. The augite most probably was derived from volcanic rocks exposed along the 
Western Ethiopian Escarpment or from a combination of many volcanic exposed regionally and 
therefore can not be independently used for definite provenance interpretation. 
Fluvial conditions continued during the deposition of the Kada Hadar Member. Following 
the deposition of Kada Hadar Tuff (KHT dated at 3.12 Ma), the KH-1 sandstone was deposited by 
meandering stream. Chaimel fill deposits of the ribbon type with a thicker central body and 
laterally related thinner extensive sheet-like wings are typically characteristics of the KH-1 
sandstone. The ribbon type channel results mainly from vertical accretion in relatively short lived 
and laterally stable suspended-load channel (Friedman et al, 1991). The sheet-like wings were 
caused by a crevasse splay as a sudden sediment-laden water debouchs onto the floodplain. 
Because of subsidence and uplift along the Western Ethiopian Escarpment, the fluvial activity was 
interrupted by another short lived, shallow lacustrine event that is recorded by the ostracod-bearing 
fissile shale and mudstones fades association (Figure 50). 
Fluvial deposition continued into the upper part of the Kada Hadar Member up to BKT-2 
(2.92 Ma). Stability of the Ethiopian Escarpments and/or reduced downfaulting and downwarping 
resulted in another major episode of meandering streams (KH-3, KH-4 and KH-5 sandstones). 
These streams were similar to the meandering streams of Denen Dora Member (for example, the 
DD-3 sandstone) characterized by broad sheet sandstone deposits. However, the lack of thick 
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muliti-storeyied sequences in these meandering streams suggests that streams underwent periodic 
avulsion. Swamps and/or floodplain ponds were formed during the deposition of the upper portion 
of the lower part of the Kada Hadar Member ("Green Marker Tuff') which were similar to the 
modem Awash River which drains into a large swamp (over 5 km wide) and a shallow lake in the 
Cadabasa area, 120 km upstream from Hadar. This represents the last lacustrine event recorded in 
to the study area (Figure 50). Like the underlying deposits, braided tributaries supplied coarse 
material to the region. Petrographic studies show no significant change in the source of the clasts 
from that of the sandstones of the Denen Dora Member. The slight vertical increase in augite and 
in basaltic rock fragments may reflect further downcutting through the upper Oligocene Alji 
volcanic (rhyolites and ingnimbrites, etc) to the lower Oligocene Aiba basalts. 
The facies association characterizing the upper part of the Kada Hadar Member is different 
from that of other members (Figure 50). The sandstone based, fining upward cycles representing 
meandering streams are replaced by conglomerate based cycles of braided streams (Vondra et ai, 
1996). Uplift along the Ethiopian escarpment and increase in relief gradient between the source 
areas and the basin center was responsible for the transition from meandering streams to high 
energy braided streams. This change is marked by a regional unconformity that occurs beneath the 
KH-6 conglomerate that separates the upper part of the Kada Hadar Member strata from the rest 
of the Hadar Formation. The time of development of this widespread unconformity is not well 
constrained, but Walter et ai, (in press) suggest that the major environmental change occurred 
between 2.9 and 2.5 Ma ago and represents a period of increased tectonic activity to shift from 
deposition to erosion. This time interval coincides with a period of global climatic change (De 
Menocal and DuflSeld, 1995) and significant faunal turnover across eastern Afiica (Vrba, 1988), 
including the disappearance and emergence ofhominid species (Kimbel,e/a/., 1996). Similarly, 
the KH-8 conglomerate lies disconformably on a 3 m thick paleosol in the upper part of the Kada 
Hadar Member, indicating that the long quiescent period was suddenly interrupted by erosion 
followed by the deposition of a conglomerate of a braided stream. Just after deposition of the KH-
8 conglomerate, the land surface possessed little relief Most of the streams were probably wadis 
similar to the present tributaries of the Awash River. They were dry most of the time except just 
after rain in the Ethiopian highlands. However, following rains, the deposition was rapid because 
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of a sudden loss of velocity and absorption of water. It is likely that these braided streams joined a 
major meandering stream somewhere to the east-northeast. During long dry periods floodplain 
sediments were reworked by the wind which caused wirmowing of clays, leading to better sorting 
of the sediments. 
The facies analysis of the Hadar Formation indicates that tectonic activity inevitably played 
an important role in the Afar Depression. Antithetic faulting accompanied by volcanism brought 
about the tilting of blocks (Mohr, 1974). These faults (with dominant NW and NNW trends) in the 
Western Ethiopian Escarpment caused the axis of deposition to shift, lateral migration of the 
meandering system, and fluctuation of lake level. The cyclicity of fluvial deposition, the onset of 
transgression and regression of lacustrine conditions, the deha progradation and the development 
of alluvial fan deposits was most likely strongly related to periodic tectonic activity along the 
Western Ethiopian Escarpment and in the Afar depression (rifl). The 11 fluvial cycles probably 
belong to the same paleo-river system which deposited sheet-like channel sandstones. They are 
now separated by thick sequence of floodplain and lake deposits due to subsidence superimposed 
on lateral migration of the river systems and to tectonic instability in the region. This paleo-river 
system represents a forerunner of the modem Awash River. Aronson and T aieb (1981) speculated 
that an ancestral Awash River system existed in this basin about 3 to 4 Ma ago along with a major 
lake east of Hadar. The provenance data reflects a source primarily derived fi'om the unroofing 
of the volcanic rocks of the Western Ethiopian Escarpment and from the Ethiopian Rift basin 
of central Ethiopia and transported by meandering stream fed by several ephemeral braided 
streams. The absence of clasts derived fi-om the Precambrian and Mesozoic rocks exposed in 
the Somalian Escarpment indicates that there were few tributaries draining the escarpment. 
The axial meandering streams may have been located close to the Western Ethiopian 
Escarpment like the present day Awash River. The change in source rocks in the upper part 
of the Sidi Hakoma Member (about 3.21 Ma) and the upper part of the Kada Hadar Member 
(about 2.5 Ma) is primarily due to the relative uplift of the Western Ethiopian Escarpment and 
subsidence of the adjoining Afar Rift Basin. The accelerated vertical motion along the 
Ethiopian Escarpment, 3 Ma ago, resulted in the subsidence of the west central Afar by as 
much as 2 km (Walter, 1981). This is consistent with observations in the Main Ethiopian Rift 
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(MER) in south-central Ethiopia, where it is noted that major faulting and ignimbrite activity 
accelerated at about 3 Ma ago, culminating in the present geometry of the rift (WoldeGabriel 
et ai, 1990). Although climatic changes certainly affected the fluctuations in lake level, periodic 
teaonic activity in the Afar and its margins was probably the dominant process controlling 
deposition and depositional environments. 
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SUMMARY 
1) The Pliocene Hadar Formation in the west central part of the Afar Sedimentary basin, 
Ethiopia, contains abundant fossil remains of early hominids as well as a variety of other 
associated mammals. A stratigraphic framework is required in which to place paleontological, 
anthropological and archeological discoveries. The primary concern of this study was to 
provide a detailed stratigraphic framework for accurate documentation of hominid fossil 
remains collected and to determine the provenance and depositional history of the sediments 
comprising the Hadar. Sedimentation at many sites in East Afnca, including Hadar, was 
initiated and controlled by tectonics and erosion related to the development of the rift valley. 
2) The entire sedimentary sequence present is assigned to the Hadar Formation which has 
been subdivided into four members; Basal, Sidi Hakoma, Denen Dora and Kada Hadar. These 
are separated by three isochronous tufifs (the Sidi Hakoma, Triple and Kada Hadar tuffs) that 
are dated 3.41 Ma, 3.21 Ma, and 3.2 Ma, respectively. The Kada Hadar Member has been 
further subdivided into a lower and upper part based on a prominent regional disconformity 
present beneath the KH-6 conglomerate. 
3) Crudely stratified, coarse, open clast-supported is the most common type of conglomerate 
present in the study area, while matrix-supported conglomerates are locally present in the 
upper reaches of Gona and Kada Hadar drainages within Kada Hadar Member. Petrographic 
studies of point counts of conglomerate show that the Western Ethiopia Escarpments and the 
adjacent plateau are the only source areas of the Hadar Formation. Rhyolites, ignimbrites and 
trachytes are the dominant lithologies recorded in pebble counts for DD-3 and KH-3 
conglomerates of Denen Dora and Kada Hadar Members, respectively. Above the 
unconformity, the upper part of the Kada Hadar Member clast-supported conglomerates, in 
contrast, are dominated by high proportions of basalts and andesites. Basalts and andesites 
are the dominant clasts being transported to the Afar and Awash River today, indicate that the 
clasts of Gona and Kada Hadar wadis are derived from the upper Kada Hadar Conglomerates. 
4) Grain size analysis and textural studies of conglomerates provide a basis for a number of 
paleoenvironmental interpretation. Most of the conglomerates of Hadar Formation are coarse 
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very poorly sorted indicating textural immaturity' of the conglomerates formed during a high-
energy stage. Lateral grain size variation, from boulders in the western to the cobbles in the 
eastern part of the study area, indicates the development of high-energy (braided) streams 
draining the Ethiopian Escarpment into the Hadar basin. 
5) The average modal composition of sandstones of the Hadar Formation is 57% rock 
fragments, 35 % feldspar, and 5% quartz. All quartz is pyramidal, straight sided and rounded 
comers indicating a volcanic origin. Oligoclase and labradorite are the primary feldspars 
present, while alkali feldspar occurs in minor amounts. There is vertical variation in feldspar 
content in the sandstones. Increased feldspar content occurs in the sandstones of Basal and 
Sidi Hakoma members, while a decrease occurs in the sandstones of Denen Dora and lower 
Kada Hadar members. The feldspar increases gradually again in the sand matrix of the sandy 
conglomerates of the upper Kada Hadar Member, indicating a change in source rocks above 
the unconformity. 
6) Petrographic studies of rock fragments indicate that all of the sandstones of the Basal and 
Sidi Hakoma members contain higher concentration of mafic volcanic rocks (basalts and 
andesites), reflecting unroofing of the upper portion of Miocene volcanic rocks of the Western 
Ethiopian Escarpment. The sandstones of the Denen Dora Member and lower part of the 
Kada Hadar Member are characterized by high proportions of acidic volcanic rocks (rhyolites, 
ignimbrites and trachytes), which indicates derivation from the Oligocene Alji rhyolites and 
ignimbrites. In contrast, above the unconformity, granule to pebble conglomerates of the 
upper part of the Kada Hadar Member are characterized by high concentrations of mafic 
volcanic rocks (basalts and andesites), indicating their probable derivation from the pre-
Oligocene Aiba and Ashangi basalts of the Western Ethiopian Escarpment. 
7) Grain-size analysis of sandstones indicates that all the sandstones are texturally submatured, 
which is consistent with a fluvial and deltaic environment where there is little or no mechanical 
energy to separate the particles. Most of the cumulative curves of the sandstones have a 
unimodal distribution and were deposited by low-energy stream systems. The graph of 
standard deviation versus mean size and skewness indicates river deposits are the major 
environment in the Hadar Formation. 
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8) The distribution of conglomerate clasts, rock fragments and feldspar supports the heav\-
mineral province distribution. Heavy minerals are abundant in the sandstones of the Hadar 
Formation, commonly composing from 2 to 30% of the fine sand fi-action of the sandstones. 
Nine heavy minerals species have been identified which vary in abundance and distribution. 
Based on these variations, six heavy mineral associations have been defined that are distinctly 
volcanic and were derived from the adjoining Western Ethiopian Escarpment. Augite and 
augite-magnetite are the dominant heavy minerals associations throughout the unit. However, 
an increase in augite and augite-magnetite associations occur in Basal and Sidi Hakoma 
members and just above the unconformity in the upper part of the Kada Hadar Member. This 
change records the relative down uplift of the escarpment and the unroofing of the basalts 
9) Particle size analysis of mudrocks indicate those mudrocks below the unconformity are 
primarily sandy claystones and sandy mudstones whereas above the unconformity they are 
sandy siltstones. The compositions of mudrocks as determined by X-ray diffraction patterns 
were smectite, kaolinite, quartz, feldspar and calcite. Results of Differential Thermal Analysis 
(DTA) indicate the presence of dioctahedral smectite (montmorillonite). Chemical analysis of 
the clay minerals reveals that all are either montnrillionite or beidilite. The clay minerals of the 
mudrocks were derived primarily from weathered basalts and tuffs exposed along the 
Ethiopian Escarpments and transported by river systems to the rift basin. Carbonates in the 
study area include arenaceous bioclastic limestone, arenaceous micrites, and arenaceous 
biolithites. Tuffs from eruptive centers located in the Ethiopian Escarpment (Walter and 
Aronson, 1982) were transported into the basin by eolian and fluvial processes. 
10) A comparative sedimentology study of the strata at Hadar permits the delineation of four facies 
associations in the study area which are diagnostic of specific depositional environments. These 
are; 1) the massive to crudely stratified and cross-bedded, clast-supported conglomerate, 
trough cross-bedded sandstone and siltstone (A), 2) the large-scale trough cross-bedded 
sandstone, siltstone and mudstone (B), 3) the interbedded ostracod bearing fissile shale, thinly 
bedded gastropod-bearing limestone, fine grained sandstone and mudstone (C), and 4) the 
interbedded medium to fine-grained sandstone, siltstone , and mudstone (D). These facies 
associations record a) alluvial fan, braided stream, and braid delta, b) meandering stream and 
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associated floodplain, c) marginal and shallow lacustrine, and d) delta plain with distributary 
channel, marsh and floodplain deposits, respectively. 
11) Facies association A interfingers laterally with facies associations B and C. It represents 
relatively short, transverse, braided streams, deposited primarily during periodic high 
discharge. These flowed from the Ethiopian Escarpment into the rift and formed alluvial fans 
along its margin and coarse braid dehas as they emptied into lakes or coarse tongues where 
they joined the axial meandering streams. Facies association B documents 11 fining upward 
cycles of major axial meandering stream systems draining the Ethiopian highlands and flowing 
northwards within the Ethiopian Rift toward the Red Sea-Gulf of Aden. This facies is 
interrupted at least three times by facies association C that records lacustrine conditions 
forming during a period of rapid basin subsidence resulting from downward displacement 
along major normal faults bounding the Ethiopian Rift. Facies association D overlies and 
interfingers with facies association C and documents the lateral transition from fining upwards 
fluvial cycles of meandering streams to deltas prograding into and filling the lakes. 
12) Individual fining upward cycles begins with coarse-grained pebbly sandstones that give 
way to cross-stratified medium-grained sandstones. These are overlain by massive 
argillaceous siltstones and silty claystones capped by pedogenic horizons with calcareous 
rhizoliths and carbonate concretion nodules and concretion. Most of the sandstone bodies are 
laterally extensive and classified as a broad sheet meandering river sandstones. A few of the 
sandstone bodies have a width to thickness ratios in the range of 17 to 30 and are classified as 
ribbon and narrow sheet meandering river sand bodies. 
13) The lacustrine cycles in the upper Sidi Hakoma and lower Kada Hadar members are 
shallow fresh water lakes characterized by slight variations in water level. Ripples sandstone 
with gastropods and pelecepods represent transgressive beach deposits. Color and textural 
variations in the claystones indicate water level fluctuations. Barite nodules, septarian 
concretions and carbonate nodules in claystone suggest deposition under ananerobic to 
dysaerobic zone. The lakes were filled by the progradation of fluvial-dominated delta of the 
axial meandering stream and by coarse-grained braid deltas of transverse, braided tributaries 
that flowed from the Ethiopian Escarpment into the rift valley. The influence of lacustrine 
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fades diminishes in the upper part of the Sidi Hakoma Member and vertically change to the 
delta plain facies that include distributary channel, floodplain, and swamps and marshes which 
laterally change to delta front towards the north and northeast. 
14) Most of the specimens of Aiistralopiteciis afarensis were discovered in the Denen Dora 
Member and lower part of the Kada Hadar Member and are from facies that represent the 
floodplain deposits of a north-flowing meandering stream. The partial skeleton of "Lucy" was 
recovered from a floodplain associated with the KH-1 sandstone that consists of ribbon 
sandstone with wings. The ribbon type sandstone formed by the avulsion of a meandering 
stream and the sheet-like wings were formed as the result of crevasse splays. The fossils of 
the "First Family" on the other hand, were recovered from a siltstone that represents a 
floodplain associated with a subjacent distributary channel of the DD-2 sandstone. The 
presence of carbonate concretions and root casts in this siltstone indicate pedogenically 
modified overbank deposits which later were capped by the DD-3 sandstone, a sheet-like 
sandstone deposited by a major meandering stream. 
15) The sheet sandstones with overlying argillaceous mudstones and capping paleosols below 
the Kada Hadar unconformity are replaced by lenticular to sheet-like coarse conglomerates 
with poorly indurated sandy siltstones and paleosols above the unconformity. The 
conglomerates were deposited by braided streams draining the Western Escarpment, while the 
sandy siltstones are overbank deposits that were extensively reworked by eolian processes. 
The Homo species (A.L. 666) has discovered from these siltstones that contain calcareous 
paleosols with abundant small rhizoliths suggestive of grasses and small shrubs. No lacustrine 
deposits occur above the unconformity. The unconformity and change in lithology suggest 
relative uplift of the Ethiopian Escarpment accompanied by subsidence of the Ethiopian Rift 
Basin floor and a change in climate to drier, and perhaps warmer, conditions. 
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APPENDIX A. HADAR CONGLOMERTAES RECALCULATED CLAST 
POINT COUNT 
DD-3 conglomerate 
sample = i 2 3 4 5 6 7 8 9 
basalt'andesite 23 31 7 18 11 13 24 21 IS 
rhyolite 64 57 71 69 75 69 50 59 67 
trach>'te 3 3 15 10 2 7 12 18 7 
ignmb/pvTo 7 5 3 2 8 5 9 1 3 
othets 5 4 4 1 4 6 5 I 5 
M-F-ignimb/pyro 97 97 97 97 97 97 97 97 97 
rhyolite-trachyte 67 60 86 79 77 76 62 77 74 
basalt/andesite 24 32 8 18 12 16 24 20 18 
rtiyolite-trachyte 69 62 89 80 80 79 67. 79 78 
IgnmlvpyTo 7 6 3 2. 8 5 9 1 4 
KH-3 conglomerate 
basaltandesite 12 41 15 40 22 7 29 19 22 
rhyolite 63 48 70 52 63 72 59 66 65 
trachyte 10 4 6 2 5 13 7 4 9 
ingmb/p>To 8 2 5 4 6 7 4 6 3 
others 6 5 4 2 2 I 1 5 1 
M-F-ignmb'p>To 93 95 96 98 96 99 99 95 99 
rhyolite-trachyte 73 52 76 54 68 85 66 70 74 
basaltandesite % 13 43 16 41 23 7 29 20 22 
rhyolite-tnch>te" o 79 55 79 55 71 86 67 74 75 
igmmb/p>To''b S 2 5 4 6 7 4 6 3 
KH-8 conglomerate 
basalt'andesite 71 69 55 61 67 69 59 57 70 
rhyolite 12 18 25 25 16 15 29 31 16 
trachyte 7 5 9 6 11 8 6 7 5 
ingnmb/pyTO 4 2 4 1 2 3 4 2 4 
others 6 6 5 7 4 5 2 3 5 
M-F-ignmb pyro 94 94 93 93 96 95 98 97 95 
rhyolite-^-trachyte 19 23 34 31 27 23 35 38 21 
basalt/andesite "o 76 73 59 66 70 73 60 59 74 
rhyolite+trachyte "b 20 24 37 33 28 24 36 39 22 
ignimb/pyro °b 4 3 4 1 2 3 4. 2 4 
Kada Gona wadi bed 
basalt/andesite 52 59 62 49 69 68 71 48 63 
rhyolite 21 28 21 33 16 17 16 36 16 
trachyte 13 5 9 10 5 9 6 7 12 
ingnitib/pyro S 2 3 3 2 3 4 3 8 
others 9 6 5 5 8 3 3 6 5 
M-^F+ignmb/pyro 91 94 95 95 92 97 97 94 99 
rhyolite+trachyte 34 33 30 43 21 26 22 43 28 
basalt/andesite % 57 63 65 52 75 70 73 51 64 
rhyolite+trachyte % 38 35 32 45 23 27 23 46 28 
ignimb/pyro" b 5 2 3 3 2 3 4 3 8. 
Kada Hadar wadi bed 
basalt/andesite 51 49 62 65 61 59 42 73 51 
rhyolite 28 39 20 19 19 25 33 11 34 
trachyte 9 6 8 11 13 8 13 9 6 
ingnmb/'pyro 3 2 4 2 4 2 3 3 4 
othets 9 4 6 3 3 6 9 4 5 
M+F-^ignmb/pyro 91 96 94 97 97 94 91 96 95 
rhyolite* tyTach>te 37 45 28 30 32 33 46 20 40 
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APPENDIX B. RECALCULATED ROCK FRAGMENT POINT COUNT 
Member Sample # Vr Vb Vt undifi 
A-lO-l 21 72 •> 5 
BS-I sandstone A-IOb-l 23 69 2 6 
A-lO-2 32 65 1 2 
A-10-3 35 56 3 6 
A-6-1 17 76 2 5 
BS-Z sandstone A-«b-l 25 70 2 3 
A-6-2 13 79 1 7 
A-6b-2 25 58 6 11 
A-19-1 31 64 3 2 
SH-1 sandstone A-19b-1 24 73 1 2 
A-19-2 13 85 1 1 
A-19-2b 21 76 1 2 
B-22-1 30 67 1 2 
SH-2 sandstone B-22b-I 17 79 2 2 
A-22-2 35 60 1 4 
A-22b-I 31 66 1 2 
B-4b-l 12 82 3 3 
SH-3 sandstone B-4-2 13 85 I 1 
B-4b-2 24 71 2 3 
B-16-I 20 69 3 8 
C-12-I 64 33 1 2 
DD-1 sandstone C-I2b-l 57 36 2 5 
C-I2-2 36 58 1 5 
C-12b.2 55 42 1 2 
B-29-I 60 31 2 7 
DD-2 sandstone B-29b-I 77 20 1 2 
C-22-1 51 42 3 4 
C-22b-l 31 67 I 1 
C-2-1 72 20 3 5 
C-2b-l 67 27 3 3 
C-24-1 77 17 1 5 
DD-3 sandstone C-24b-l 78 9 2 11 
M-22-1 63 33 2 2 
.VI-22b-l 66 21 3 10 
0-52-1 67 22 3 8 
0-52b-l 69 27 2 2 
C-30-1 41 50 6 3 
KH-1 sandstone C-30b-l 53 35 7 5 
C-39-1 72 19 7 2 
C-39-2 50 33 10 7 
D-11-1 65 33 1 1 
KH-2 sandstone D-llb-1 74 20 4 2 
M-37-1 67 30 2 1 
M-37b-l 6S 20 7 5 
M-39-1 76 21 2 1 
C-42-1 62 36 I 1 
C-42b-l 78 19 2 1 
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Member Sample # Vr Vb Vt undiffer. 
D-23-1 69 29 1 1 
KH-3 sandstone D-28-1 74 24 1 1 
D-28b-l 57 41 1 I 
F-21-I 76 19 3 •7 
F-l-l 62 34 1 3 
KH-4 sandstone F-Ib-l 69 29 1 1 
F-I-2 61 37 1 1 
KH-S sandstone F-II-1 53 36 5 6 
KH-6 sandstone F-16-I 52 35 3 10 
Fl-5-1 44 52 2 •7 
KH-9 conglomerate. F5-4-I 12 81 5 2 
F5-4b-l 19 76 2 3 
KH-10- conglomerate. F6-6-1 17 82 I 
F6^b-1 3 89 3 5 
Vb - Mafic (mainly basaltic and andestic) 
Vr - felsic (mainly rhyolitic, ignimbritic, dactic and tracytic 
Vt - Rock ftaments only with trachvtic texture 
undiffer - undifferentiated 
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APPENDIX C. STATISTICAL GRAIN SIZE DISTRIBUTION PARAMETERS OF 
SANDSTON AFTER TUCKER 1988 
Member Sample # Mean (tp) Median (cp) SkewTiess Kuitosis 
Sidi Hakoma Member 
A-19a-l 0.814 0.4 0.923 -0.13 
SH-1 sandstone A-19b-1 1.838 1.9 0.486 -1.48 
A-19C- 1.343 2.4 -0.4 -2.02 
A-22-I 2.5 2.4 -0.04 -1.49 
A-22C-I 1.85 1.5 0.319 -1.13 
SH-2 sandstone A-22d-l 1.129 2.1 -0.27 -2.34 
A-22b-l 1.85 1.5 0.319 -1.13 
V-lb-t 2.038 2.3 0.281 -1.08 
SH-3 sandstone B-4a-l 1.413 1.1 0.479 -1,79 
B-4b-l 0.894 0.6 1.158 0.669 
B-4C-1 0.925 0.8 0.685 -0.7 
S-3a-l 1.05 0.9 0.591 -0.88 
B-20b-l 0.813 0.5 0.803 -0.13 
M-33a-I 1.325 0.9 0.425 -1.96 
Denen Dora Member 
X-5-I 1.494 1.6 0.048 -0.76 
Y-23-1 1.681 1.8 -0.04 -1.51 
DD-1 sandstone M-15-1 1.836 1.6 0.163 -1.57 
B3-6-1 1.431 1.3 0.014 -1.92 
Q-2b-l 1.975 2.2 0.259 -1.26 
Y-I4-I 2.2 2.6 -0.49 -1.14 
Q-IO-I 2.356 2.85 -0.53 -1.16 
M-18-1 1.821 1.5 0.566 -0.98 
L-9-1 1.714 1.1 0.369 -2.13 
B2-18-1 2.806 3.2 -0.55 -0.65 
Y-23-1 1.163 1.1 0.785 -0.49 
L-23-1 1.163 0.9 0.576 -1.47 
DO-2 sandstone c-16-1 1.425 1.5 -0.1 -1.95 
Y-30-1 2.475 3.1 -0.81 0.16 
M-39-I 1.029 0.5 0.101 -1.57 
M-37-1 3.1 3 0.084 -1.98 
B2-25-1 1.181 1.05 0.054 -2.23 
X-12-1 1.175 0.9 0.648 -1.41 
U-25-l 1.613 1.4 0.05 -1.86 
C-24-1 1.038 0.5 0J07 -2.07 
U-19-1 1J06 1.05 0.199 -2.02 
U-19a-l 1.963 2.9 -0.55 -1.55 
y-35-I 0.488 0.2 1.329 2.233 
DD-3 sandstone Q-16-1 1.206 0.6 0.287 -2.38 
M-23a-l 1.775 2.2 -0.19 -2.01 
U-19C-I 1.438 1.35 0.335 -1.72 
Z-7-l 0.838 0.6 0.829 0.036 
M-23b-l 0.586 0.2 0.536 -0.79 
M-18-1 1.129 2.1 -0.27 -2.34 
M-23C-1 0.586 0.2 0.536 -0.79 
Kada Hadar Member 
M-26a-l 1.343 2.4 -0.4 -2.02 
M-33a-l 2.65 2.6 0.196 -0.67 
KH-l Ssandstone M-26b-l 1.325 0.9 0.425 -1.96 
W-2-l 1.638 1.6 0.197 -1.63 
M-26C-1 2.025 2.4 -0.17 -0.95 
R-3-I 2.1 1.7 0.532 -0.78 
KH-2 sandstone CM 1-1 1.2 1 0.545 -1.37 
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Member _Sain£le_^ 
Q-24a-l 
Q-24b-l 
Mean 
1.15 
1.463 
Meadian 
0.8 
1.3 
SkewTies-s 
0.593 
0.32 
(CuflQjiLS 
-1.47 
-1.91 
KH-3 sandstone 
I.-35-1 
M-41-I 
D-15-1 
Q-43-1 
R-12-1 
D-23-1 
2.457 
1.986 
1.2 
2.063 
2.238 
1.344 
2.7 
2.1 
0.6 
2.6 
2.6 
0.8 
-0.35 
-0.04 
0.192 
-0.41 
-0.29 
0.503 
-1.69 
-2.28 
-2.42 
-1.6 
-1.47 
-1.99 
KH-4 sandstone 
L-41a-l 
L-41b-I 
R-14.1 
0.757 
1.729 
0.569 
-0.4 
2.2 
0.5 
0.801 
-0.75 
0.348 
-1.01 
-1.01 
-0.57 
APPENDIX D. SANDSTONE COMPOSITION AND MINERALOGY 
composition framework grain 
mineralog>-
Member sample^ frame asm. pott. A B C D E F G H I J K 
A-10-1 64 28 2 3 12 63 12 5 t 5 
BS-1 sandstone A-lOb-1 65 34 2 6 20 58 8 3 t 3 
A-10-2 72 28 t I 21 58 10 3 r 
A-lOb-2 60 39 2 18 67 5 2 6 
A-6-1 63 37 2 18 62 12 5 1 
BS-2 sandstone A-6b-l Gm 2 1 9 68 9 4 t 7 
A-6-2 Gm t 3 26 52 11 4 4 
A-6b-2 Gm 1 1 32 55 5 2 t 5 
A-19-1 55 45 3 2 24 53 8 5 5 
SH'l sandstone A-19b-l Gm 5 2 20 55 10 5 t 3 
A-19-2 Gm 3 I 16 64 2 2 14 
A-I9b-2 Gm 1 2 26 59 4 3 6 
B-22-I 65 32 3 2 3 19 62 6 1 7 
SH'2 sandstone B-22b-l Gm 48 t I 23 66 8 2 
A-22-2 Gm 47 2 21 61 10 3 3 
A-22b-2 Gm 2 4 23 53 I 3 15 
B-4-1 62 38 1 40 48 4 2 5 
SH-3 sandstone B-4b-l Gm 1 4 26 51 7 3 t 9 
B-4-2 Gm 28 48 5 3 14 
B-4b-2 Gm 2 3 38 41 3 2 4 
B-27-1 36 64 t 3 25 64 4 I I 4 
DD-1 sandstone B-27b-l Gm 70 2 2 16 63 4 t 15 
C-12-2 42 58 2 I 26 61 2 10 
C-12l>-2 Gm t 1 26 58 6 9 
B-29-1 Gm 1 3 39 52 2 4 
B-29B-1 Gm I 31 55 5 1 7 
C-22-1 56 44 2 22 52 8 2 t 12 
DD-2 sandstone C-22b.l Gm 1 2 23 61 5 t 8 
Q-9b-I Gm 3 4 11 59 11 2 9 
y-39-1 Gm 2 5 16 68 3 t 6 
y-39b-l Gm I 1 21 57 7 3 10 
D-2-1 42 58 t 1 10 72 6 3 t 8 
C-2B-1 Gm 4 6 68 6 T 5 1 
C-24-1 29 59 2 2 2 4 72 4 2 t 14 
DD-3 sandstone M-22-1 34 55 1 1 1 7 68 7 t 4 t t 12 
M-22b-l Gm 3 1 6 58 5 t 3 t 25 
0-S2-I Gm 70 1 2 8 60 6 t 5 18 
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Member Sample = frame CemL Port, A B C D E F G H I J K 
C-30-I 32 68 1 3 10 68 7 4 7 
C-30B-1 Gm t 2 8 69 9 2 10 
KH-l sandstone C-39-1 28 70 2 2 3 16 70 3 t 5 
C-39b-l 38 62 t 2 13 69 10 2 t 4 
C-39-2 31 67 2 I 2 13 72 3 t 10 
C-39b-2 42 58 1 3 15 77 4 1 I 
D-ll-I 63 32 5 3 2 14 69 8 t t 4 
KH-2 sandstone D-llb-l Gm 1 4 17 68 5 t t t 5 
M-37-1 38 62 t 3 22 61 5 t 9 
M-37b-l 32 68 1 16 74 5 t t 4 
F-I-1 52 43 3 4 10 69 12 t t 5 
F-lb-I Gm 2 2 12 70 11 2 t 1 
F-1-2 Gm 1 2 21 69 8 I 3 t 
D-15-1 59 41 0 18 70 7 1 4 
D-I5b-1 61 39 3 1 16 72 3 2 4 
KH-sandstone C-42-I 69 27 4 2 2 12 73 5 t 4 t 2 
KH-4 sandstone C-42b-l Gm I 3 18 63 4 6 5 
C-42C-I Gm 2 1 10 72 12 I 1 t 2 
D-23-1 57 43 1 3 13 70 5 8 
D-23b-l Gm 2 2 19 65 11 t t 3 
D-2I-1 52 48 t 2 21 68 5 t 4 
D-28-I 62 38 3 1 21 66 2 3 5 
D-28-b Gm 2 I 6 66 12 5 9 
ICH-S sandstone F-lI-1 56 44 3 8 65 6 t 18 
(CH-6 sandstone G-20-1 Gm 43 1 13 72 8 t 6 
KII-7 sandstone G-21-1 Gm 35 4 19 61 6 10 
G-21b-l Gm 2 7 21 58 5 7 
KH-9 conglomerate F5-4-1 61 39 2 5 23 55 5 t 10 
F5-4b-l 54 45 3 3 19 62 6 t 7 
KH-IO conglomerate. F5-6-1 63 37 2 31 49 7 t 11 
A- Alkali feldspar, B - Quartz, C - Plagioclase, D - Rock fragments, E - Augite, F - H\persthene, G - Epidote, 
H - Zirocon, I - Hornblende, J - Apatite, K - Opaque minerals. 
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APPENDIX E. HEAVY MINERAL PERCENTAGES IN GRAIN SIZE BETWEEN 
500-250|JL (0.5-0.25 mm), 250-125^ (0.25-0.125 mm), andl25-63n ( 0.125-0.63 mm). 
Name Sample # 500-250M. 250-125H 125-63(0. 
BS-1 sandstone A-lO-l 0.51 2.22 0.16 
A-IOb-1 0.98 4.22 0.57 
A-10-2 0.23 5.14 0.05 
A-10-3 0.61 3.01 0.91 
BS-2 sandstone A-6-1 0.22 2.45 1.52 
A-6b-l 0.35 3.86 1.67 
A-6b-2 1.09 4.61 0.98 
A-6-2 0.83 3.7 1.93 
SH-1 sandstone A-19-1 4.05 5.06 1.69 
A-19b-l 2.13 5.79 7.25 
A-19-2 3.65 4.98 1.73 
A-19b-2 4.45 6.23 2.01 
SH-2 sandstone B-22-1 19 23 21.54 
B-22b-l 11.64 25.06 14.37 
A-22-I 5.09 3.68 1.16 
A-22b-2 7.92 5.15 2.05 
SH-3 sandstone B-4-1 18.42 20.56 7.88 
B-4b-2 15.03 17.49 6.19 
B-4-2 18.03 13.85 5.36 
B-4b-2 9.45 14.92 5.07 
B-16-1 2.05 9.87 8.75 
Dd-1 sandstone C-12-1 0.18 4.55 2.42 
C-l2b-l 0.53 4.37 3.99 
C-12-2 1.13 6.32 4.23 
C-12b-2 1.01 6.01 3.68 
DD-2 sandstone B-29-1 4.64 8.31 3.08 
B-29b-l 3.88 7.37 7.52 
C-22-1 4.84 9.65 8.67 
C-22b-l 3.56 12.08 13.24 
DD-3 sandstone C-2-1 4.06 21.15 3.52 
C-2b-l 5.06 18.02 7.89 
C-24-1 16 27.78 IS 
C-24b-l 7.34 30.22 14.01 
M-22-1 2.4 17.22 10.09 
M-22b-l 3.96 16.22 18.03 
0-52-1 5.02 16.89 16.67 
0-52b-l 3.36 18.45 19.47 
KH-1 sandstone C-30-1 4.06 23.1 3.52 
C-30b-l 7.11 19.53 6.67 
C-39-11 7.44 12.03 15.84 
C-39b-l 3.78 16.33 14.99 
KH-2 sandstone D-11-1 13.9 18.9 17.47 
D-llb-1 11.17 21.81 16.19 
M-37-1 13.24 23.11 11.56 
M-37b-l 7.88 19.53 8.75 
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Name Sample # 500-250H 250-125H I25-63u 
KH-3 sandstone F-I-1 7.41 18.59 17.49 
KH-4 sandstone F-lb-1 11.56 21.66 18.31 
F-I-2 2.35 5.73 12.22 
D-15-1 0.68 4.02 1.37 
D-42-I 1.37 7.69 7.39 
D-42b-I 2.94 5.06 4.21 
D-23-1 3.26 11.12 16.51 
D-28-1 2.91 3.56 8.21 
D-28b-l 3.71 4.22 6.55 
F-21-1 3.28 7.37 4.87 
KH-5 sandstone F-11-1 4.33 5.36 6.24 
F-llb-1 3.75 5.23 8.01 
KH-6 sandstone G-20-I 0.78 2.89 4.55 
G-20b-l 0.88 1.78 5.23 
KH-7 sandstone G-21-1 3.12 4.97 6.23 
G-21b-l 4.04 4.56 5.79 
KH-9 conglomerate F5-4-1 1.65 3.21 2.56 
F5-4b-l 2.14 1.78 2.03 
KH-10 conglomerate F6-6-1 1.56 2.21 4.53 
F6-6b-l 2.01 3.11 2.67 
F6-6C-1 1.59 2.01 3.45 
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APPENDIX F. HEAVY MINERAL COMPOSITIONOF THE SANDSTONES 
member sample = auQte eptdote sphene apatite zircon hornblende H\-persthene rutile Opaque 
A-10-1 n 3 2 t t 1 S3 
BS-I sandstone A-1 Ob-1 29 9 2 t 1 59 
A-10-2 72 7 t 21 
A-lO-3 92 2 2 4 
A-6-I 33 2 t t t 65 
BS-2 sandstone A-6b-l 23 7 2 t 2 68 
A-6-I 28 9 3 t t t 60 
A-6-2 67 2 3 1 29 
A-19-1 39 7 3 t t 51 
A-19b-l 28 9 2 1 61 
SH-I sandstone A-19-2 23 12 4 t 1 61 
A-l9-2b 26 2 3 I t I 69 
B-22-1 88 t 2 t t 10 
SH-2 sandstone B-22b-l 96 1 t 3 
A-22-2 66 3 4 t t 1 26 
A-22b-2 74 2 3 t 1 20 
B-4. 87 I 4 t I t 9 
B-4b-I 91 2 6 t t 1 1 
SH-3 sandstone B-4-2 58 2 1 40 
B-4b-2 73 t 4 t t t t t 23 
B-16-1 63 1 2 t t 35 
C-12.1 82 2 7 2 9 
DD-l sandstone C-I2b-1 93 I 2 I I 5 
C-12-2 79 1 4 t I 16 
C-12b-2 86 2 3 t 1 8 
B-29-I 75 1 t 2 22 
DD-2 sandstone B-29b-l 87 4 t 1 9 
C-22-1 69 t 2 1 29 
C-22b-l 72 1 5 t t t 23 
C-2-I 96 t 2 t t I 2 
C-2b-l 84 2 5 t t 1 2 I 5 
C-24-I 72 t 2 2 t t 24 
DD-3 sandstone C-24b-l 63 1 5 t 1 1 1 28 
M-22-1 91 t I t I 1 1 5 
M-22b-l 82 2 4 1 1 t 10 
0-52-1 87 2 6 t t 1 1 3 
0-52b-l 69 t 4 t t t t 27 
C-30-1 78 t 3 1 18 
C-30b-l 81 I 2 t t 17 
KH-I sandstone C-39-1 78 t 3 t 1 19 
C-39-2 76 2 3 I 17 
C.39b-1 83 2 5 t 10 
D-ll-l 79 I 2 I 19 
D-Ilb-1 79 t 4 t t 17 
kH-2 sandstone M-37-1 82 1 3 1 14 
M-STb-I 86 t 2 1 11 
F-I-1 t 2 t 1 t t 3 
3 
1 1  
i: 
16 
15 
14 
20 
5 
4 
7 
4 
10 
19 
28 
30 
30 
23 
38 
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sample = augite epidote sphene apatite zircon homblen- H\'persth. 
D-I5-I 89 2 3 t 2 
C-42-1 81 t 5 t 1 
C-42b-l 84 1 2 t 
D-23-1 76 2 4 t t I 
D-28- 83 t 1 1 
D-28b-l 83 1 t 
F-2I-I 75 2 3 t t 
F-ll-l 90 2 1 2 
F-lIb-l 92 1 I 1 
G-20-1 88 2 2 t 1 
G-20b-l 91 1 2 2 
G-21-1 86 2 
G-2lb-l 77 I 3 
F5-4-1 65 •> 2 2 
F5-H 62 1 3 1 2 
F6.6-1 63 I t 2 
F6-6b-l 69 2 3 t 
F6-6C-I 59 t 2 
APPENDIX G. DISTRIBUTION OF HEAVY MINERAL ASSOCIATIONS AND 
THEIR STRATIGRAPHIC POSITIONS. 
Sample # St. Section Member Association 
A-10-1 A Basal (BS-1 sandstone) magnetite - augite 
A-10b-1 A - •• 
A-10-2 A ~ Augite - magnetite - epidote 
A-10-3 A - Augite 
A-6-1 A Basal (BS-2 sandstone) magnetite - Augite 
A-6b-I A magnetite - Augite - epidote 
A-6-2 A - Augite - magnetite- epidote 
A-19-1 A Sidi Hakoma (SH-1 sandstone) Augite - magnetite - Epidote 
A-19-2 •• -
A-19-2b •• - magntite - Augite 
A-22-1 A Sidi Hakoma (SH-2 sandstone) Augite 
A-22b-l - - •• 
A-22-2 - Augite - magnetite 
A-22B-2 •• - -
B-4-1 B Sidi Hakoma (SH-3 sandstone) Augite 
B-4b-I •• " -
B-4b-2 •• Augite - magnetite 
B-16-I 
C-12-I C Denen Dora ( DD-1 sandstone) Augite-magnetite 
C-12b-l " - augite 
C-12-2 •• - Augite - magnetite 
C-12b-2 •* Augite 
B-29-I B Denen Dora ( DD-2 sandstone) Augite - magnetite 
B-29b-l •* - Augite 
C-22-1 C Augite - magnetite 
C-22b-l C •• 
C-2-1 c Denen Dora (DD-3 sandstone) Auigite 
C-2b-l - Augite - hybersthene -
C-24-I " " Augite - magnetite -
C-24b-l •- - Augite - magnetite -
M-22-1 M •* Augite - Hornblende -
M-22b-l - - •• 
0-52-1 O - Augite 
0-52b-l •» •• Augite - magnetite 
C-30-1 c (CadaHadar(KH-l sandstone) Augite - magnetite 
C-30b-l " - •' 
C-39-1 c LOwer part of the Kada Hadar (KH-2 Augite - magnetite 
sandstone) 
C-39-2 -* " 
C-39b-I " - -
D-11-1 D •* " 
D-llb-1 •* - -
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Sample = St. Section Member .^ociation 
F-lb-1 
D-I5-I 
C-42-1 
C-42b-l 
D-23-1 
D-28b-l 
F-21-1 
F-ll-l 
F-llb-l 
F-16-1 
F-16b-l 
Fl-5-1 
Fl-5b-I 
F5-4-I 
F5-4-1 
F6-6-1 
F6-6b-l 
F6-6C-I 
D 
C 
F5 
F6 
Augite 
Augite - Hyber. - Horab. 
•Augite - magnetite - H\-perst, 
Augite 
Augite -magnetite-h%per_hom. 
Augite - magnetite 
Lower Kada Hadar (KH-5 sandstone) 
Augite 
Lower Kada Hadar (KH-6 sandstone) 
augite 
Augite-magnetite 
Lpper Kada Hadar (KH-9 conglomerate) 
Upper Kada Hadar (KH-10 conglomerate) 
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APPENDIX H. PERCENTAGE OF CLAY, SDLT AND SAND OF MUDROCK 
Member 
Sidi Hakoma Member 
clav sill 
Massh'c to blocio' mudstones 
sand 
.A-3-1 53.3 37.33 8,5 
b-22-1 67.6 22.5 9,1 
B-12-1 71.33 15.33 15,33 
B-5-1 70.2 17.2 10,6 
C-3-1 31.6 42.3 26,3 
B-17-1 39.5 39 12.5 
B-17b-l 39.5 39 12.5 
Dora Member 
B-25-1 63.7 25 11.3 
B-24-1 51 36.5 14,5 
B-16-1 47.3 42.8 12,1 
C-ll-l 43.6 43 21,3 
C-13-1 46.6 43.6 18.6 
D-8-1 30.33 24.83 24,83 
E-24-1 50.66 35.66 13.66 
D-9-1 55.5 34.1 10,5 
C-41.1 31.76 55.33 11.66 
D-6-1 31.76 42.66 23 
D-10-1 61 25.3 13.7 
Lower and Middle Kada Hadar .Member 
D-12-1 61.4 23 18.6 
D-16-1 72 15,6 12.4 
E-2-1 50.66 35.66 13.66 
D-25-1 47.33 44.66 10.33 
C-38-1 41.66 47 11.66 
C-40-l 41 51.2 7,S 
C-38-1 55.2 33.8 11 
Upper Kada Hadar .Member (above disconformity surface) 
F3-6-1 1.01 51.66 45.7 
F6-4-1 0.11 88.58 11,41 
F6-2-1 1.19 36.8 63 
F6-1.1 0.15 75.74 24.11 
F5-1-I 0.23 63 36.77 
F5-5-1 0.03 51.41 48.56 
F5-lb-l 0.89 78.54 20.57 
F6-2b-l 1.15 76.15 23.7 
F6-4b-l 0.53 67.17 32.35 
F6-6b-l 0.83 55.55 43.52 
Basal Member 
A-16C-1 68.33 
A-I6a-1 65.3 
A-16b-l 68.66 
A-16-1 60 
Sidi Hakoma Membei^ieanth TT-4) 
B-6-1 81.1 
B-7-1 76 
0-5-1 87.1 
0-5b-l 76 
O-Sc-1 80.1 
Lower Kada Hadar Member 
C-32a-l 59.3 
C-32b-l 48.4 
D-8-1 52.5 
D-Sc-l 54.33 
Fissile (laminated) mudstones 
19.66 12 
25J 9.4 
12.33 17 
28.7 11.3 
13.6 5.3 
15.6 8.4 
8.5 5.4 
10.3 11.7 
12.6 6.3 
23.2 17.5 
27.3 24J 
30 16.5 
3U3 12.33 
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APPENDIX I. PALEOCURRENT MEASURMENTS OF TROUGH CROSS-BEDDED 
SANDSTONES TAKEN ALONG THE THE DIRECTION OF SEDIMENT 
TRANSPORT. 
Basal Member | Sidi Hakoma Member 
sandstone BS-2 BS-2 SH-1 SH-I SH-3 SH-3 
sandstonee sandstone sandstone sandstone sandstone sandstone 
25 10 350 345 45 35 30 
35 35 345 45 35 40 50 
10 70 5 35 330 25 45 
0 45 10 26 270 300 35 
0 35 15 28 180 205 25 
15 24 20 29 185 45 300 
35 345 15 300 160 35 330 
32 60 15 345 110 24 25 
10 35 25 330 25 25 30 
25 25 5 320 120 0 30 
25 25 5 10 95 340 35 
25 350 5 20 100 330 25 
15 0 10 15 35 340 0 
10 5 5 20 35 350 0 
10 10 355 10 45 45 5 
5 15 0 5 25 25 30 
5 12 345 25 20 15 25 
5 300 350 10 60 15 45 
340 25 345 25 60 20 50 
350 310 320 10 55 10 60 
350 330 ISO 0 56 0 55 
345 45 170 0 40 5 35 
70 55 150 350 35 220 180 
5 40 135 350 60 180 205 
10 45 350 45 170 146 
0 32 45 35 160 55 
45 40 35 150 60 
20 15 40 180 40 
25 320 30 240 35 
5 340 45 45 25 
Denen Dora Member Denen Dora Member 
DD-l sandstone DD-2 DD-3 DD-3 DD-3 DD-3 DD-3 DD-3 
sandstone sandstone sandstone sandstone sandstone sandstone sandstone 
25 110 15 10 130 97 190 35 
85 359 18 15 146 108 135 0 
70 300 5 8 178 35 145 5 
35 345 345 5 49 80 90 10 
10 170 10 13 30 79 75 5 
25 25 290 12 200 220 45 0 
45 30 300 123 130 42 355 10 
20 42 180 40 95 70 350 350 
15 270 290 240 220 64 30 345 
25 280 230 350 30 62 23 350 
10 170 180 355 60 55 20 16 
15 10 290 340 340 60 24 27 
35 0 250 355 342 45 28 0 
5 200 340 304 50 345 5 
DD-2 sandstone 5 195 15 354 60 356 4 
5 15 0 10 5 25 25 30 
5 
10 
25 
30 
20 
5 
10 
25 
35 
0 
5 
10 
15 
25 
10 
25 
30 
45 
15 
20 
24 
20 
10 
15 
35 
35 
40 
10 
15 
70 
80 
65 
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sandstone DD-3 DD-3 DD-3 DD-3 DD-3 DD-3 DD-3 
sandstone sandstone sandstone sandstone sandstone sandstone sandstone 
5 12 345 15 25 20 15 ;5 
5 300 350 0 10 60 15 45 
340 25 345 5 25 60 20 50 
350 310 320 350 10 55 10 60 
350 330 180 0 0 56 0 55 
345 45 170 10 0 40 5 35 
70 55 150 15 350 35 220 180 
5 40 135 20 350 60 180 205 
10 45 29 25 350 45 170 146 
0 32 30 10 45 35 160 55 
45 40 13 5 35 300 150 60 
20 15 12 5 40 269 180 40 
25 320 16 10 30 250 240 35 
5 340 14 355 45 45 45 25 
KH-l 
ndstone 
KH-3 
sandstone 
KH-3 
sandstone 
sandstones of Kada Hadar Member 
KH-3 KH-4 KH-» KH-4 
sandstone sandstone sandstone sandstone 
KH-5 
sandstone 
KH-5 
sandstone 
KH-6 
sandstone 
KH-7 
sandsto 
80 15 10 5 45 55 35 270 275 35 350 
65 350 25 0 40 35 45 280 245 33 345 
150 10 20 10 35 20 35 275 260 25 325 
160 5 85 10 35 10 40 74 105 26 330 
185 5 60 15 70 25 25 80 160 27 335 
10 65 0 35 15 78 267 35 320 
8 310 0 25 35 190 355 300 
12 315 350 20 25 270 0 355 
330 315 355 25 35 275 0 340 
250 350 345 350 25 300 5 300 
200 10 345 350 65 355 345 5 
240 25 15 300 60 265 35 345 
90 15 20 290 35 278 45 10 
105 10 25 350 340 300 36 0 
355 15 15 25 12 355 31 5 
45 0 10 15 320 10 25 345 
50 0 10 25 85 15 0 5 
35 5 355 30 75 350 5 0 
10 350 35 89 280 35 0 
90 345 40 25 250 90 0 
85 0 45 47 245 25 5 
no 0 25 55 255 75 25 
60 5 25 34 265 45 20 
50 5 15 33 270 36 25 
50 340 70 25 305 38 20 
20 345 55 45 305 30 45 
320 320 55 70 300 25 355 
330 290 50 78 0 39 345 
335 280 45 56 5 45 
70 300 40 50 5 
180 290 25 320 270 
125 35 20 310 245 
230 35 20 320 290 
75 5 70 330 245 
50 5 80 340 255 
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APPENDIX J. GPS LOCATION OF MEASURED GRAPGIC SECTIONS 
OF THE HADAR FORMATION 
Section# Longitude Latitude 45+Theta/2 tan log 10 Y Meters UTM(X) UTM(Y) 
I 40.5428 11.10959 50.5548 0.297665 -0.52627 -3345515 60391.78 -3356567 
3 40.5431 11.1095 50.55475 0.297616 -0.52634 -3345971 60426.12 -3357025 
2 40.56071 11.10844 50.55422 0.297039 -0.52719 -3351329 62384.93 -3362400 
4 40.55325 11.10823 50.55411 0.296923 -0.52736 -3352403 61554.98 -3363477 
5 40.56564 11.10828 50.55414 0.296954 -0.52731 -3352114 62933.32 -3363188 
7 40.5655 11.10538 50.55269 0.295373 -0.52963 -3366852 62918.23 -3377974 
8 40.56706 11.11726 50.55863 0.301843 -0.52022 -3307033 63091.14 -3317958 
19 40.57136 11.11547 50.55774 0.300869 -0.52162 -3315952 63569.97 -3326906 
20 40.57327 11.1156 50.5578 0.300941 -0.52152 -3315294 63782.28 -3326246 
6 40.57384 11.11611 50.55806 0.301217 -0.52112 -3312760 63845.39 -3323703 
21 40.57581 11.11193 50.55596 0.298937 -0.52442 -3333742 64065.22 -3344755 
22 40.57763 11.12351 50.56175 0.305255 -0.51534 -3275998 64268.05 -3286820 
23 40.57787 11.12802 50.56401 0.307724 -0.51184 -3253761 64294.55 -3264510 
24 40.57765 11.13148 50.56574 0.309619 -0.50917 -3236806 64269.25 -3247498 
25 40.57703 11.13415 50.56708 0.311084 -0.50712 -3223776 64201.19 -3234426 
26 40.57594 11.14172 50.57086 0.315237 -0.50136 -3187160 64079.58 -3197689 
27 40.58423 11.14436 50.57218 0.316693 -0.49936 -3174445 65001.38 -3184932 
4 40.61488 11.11541 50.5577 0.300833 -0.52167 -3316284 68411.53 -3327240 
30 40.55795 11.13027 50.56513 0.308954 -0.51011 -3242741 62077.91 -3253453 
11 40.57962 11.13365 50.56683 0.31081 -0.5075 -3226207 64488.55 -3236864 
13 40.58038 11.13409 50.56704 0.311049 -0.50717 -3224091 64572.94 -3234741 
12 40.58109 11.13398 50.56699 0.310991 -0.50725 -3224600 64652.75 -3235252 
10 40.57815 11.13267 50.56634 0.310272 -0.50826 -3230992 64325.09 -3241665 
16 40.58574 11.12841 50.56421 0.307937 -0.51154 -3251845 65169.42 -3262587 
9 40.57807 11.13333 50.56666 0.310631 -0.50775 -3227798 64316.74 -3238461 
5 40.61828 11.11431 50.55716 0.300237 -0.52254 -3321758 68790.2 -3332731 
17 40.58506 11.12153 50.56076 0.304173 -0.51688 -3285803 65093.74 -3296658 
165 
REFERENCES 
Allen, J. R. L., 1963. ClassiJScation of cross-stratified units with notes on their origin. 
Sedimentology, v. 2, p. 93-114. 
Allen, J. El. L., 1964. Studies in fluvial sedimentation; Six cyclothems fi-om the lower Old Red 
Sandstone, Anglo-Welsh Basin. Sedimentology, v. 3, p. 163-198. 
Allen, J. R. L., 1965a. A review of the origin and characteristics of recent alluvial sediments: 
Sedimentology, v. 5, p. 89-191 
Allen, J. R. L., 1965b. Fining upward cycles in alluvial successions. Geol. Jour., v. 4, p. 229-
246. 
Allen, J. R. L., 1970a. Sediments of the modem Niger Delta: A summary and review. In J. P. 
Morgan (ed.) Dehaic sedimentation, modem and ancient. Soc. Econ. Paleon. Mineral. 
Sepc. Pub. 15, p. 138-151. 
Allen, J. R. L., 1970b. Studies offluviatile sedimentations: a comparison of fining - upwards 
cyclothems with special reference to coarse- member composition and interpretation. J. 
Sed. Peterol., v. 40, p.298-323. 
Aronson, J. L., Schmitt, T. J., Walter, R C., Taieb, M., Tiercelin, J. J.; Johnson, D. C., Naeser, 
C. W.; and Nairn, A. E. M., 1977. New geochronologjcal and paleomagnetic data for the 
hominid-bearing Hadar Formation of Ethiopia. Nature, v. 267, p. 323-327. 
Aronson, J. L. and Taieb, M., 1981. Geology and plaeogeography of the Hadar hominid site, 
Ethiopia in Hominid sites: Their geological setting (ed.) G. Rapp. and C. F. Vondra; Am. 
Assoc. Adv., p. 165-195. 
Aronson, J. L., Walter, R. C., and Taieb, M, 1980. New geochronological information for the 
Hadar Formation and the adjacent central Afar, Ethiopia. In: Leaky, R E., and Ogot, 
B. A. (eds.) Panaf Gongr. Prehist. Quant. Studies Nairobi, 1977. TILLMIAP, Nairobi, 
p. 47-52. 
Aronson, J. L., Walter, R. C., and Taieb, M, 1983. Correlation of Tulu Bor Tuff at Koobi Fora 
with the Sidi Hakoma Tuflf at Hadar, Nature, v.306, p. 309-310. 
Barberi, F., and Varet, J., 1975b. Nature of the Afar cmst: A discussion. In: Pilger, A. and 
Rosier, A. (ed.). Afar Depression of Ethiopia, Stuttgart (Scweizerbart). 
Barberi, F., Borsi, S., Ferrara, G., Marinelli, G., Santacroce, R., Tazieffi H., and Varret, J., 1972. 
Evolution of the Dankil Depression (Afar, Ethiopia) in light of radiometric age 
determinations, J. Geol., v.80, p. 720-729. 
166 
Bamnert, D., 1972b. Afar teaonics analyzed from space photographs. Bull. Amer. Ass. Peterol. 
Geol., V. 56. p. 903-915. 
Barberi, F., TazieflE^ H and Varet, J., 1972. Volcanism in the Afar Depression: its tectonic and 
magmatic significance. -Tectonophysics, v. 15, p. 19-29 
Bain, D. C., and Smith, B. F. L., 1987. Chemical analysis. In: a handbook of determinative 
ethods in clay mineralogy, Wilson, M. J., (ed.) Galsgow and London, p. 249-274 
Baker, B. H., Mohr, P. A, and Williams, L. A J., 1972. Geology of the eastern Rift System of 
Afiica, Geol. Soc. Amer. Spec. Pap., v 136, 67p. 
Behrensmeyer, A K., 1974. Late Cenozoic sedimentation in the Lake Rudolf Basin, Kenya. 
Annals Geol. Surv. Egypt, v.4, p. 287-306. 
Berhane, A., Yonnas, B., Gen, S. Walter, R. C., White, T. D., WoldeGebrail, G., and Yemane, T., 
1992. The Earliest Acheulean from Konso-Gardula, Nature, v. 360, p.732-735. 
Berket, H., and Craig S. F., 1993. Tephra from Fejej, Ethiopia, Journal of Human Evolution, v. 
25, p. 515-517. 
Billi, P. M. M., and Sagri, M., 1990. Pleistocene lacustrine fan delta deposits of the Vaidamo 
basin, Italy, Journal of Sedimentary Petrology, v. 61. No. 2, p. 280-290. 
Black, M., 1933. The algal sediments of Andros Island, Bahamas. Philos. Trans. R. Soc. Lond., 
er.B., V. 222, p. 165-191. 
Blakey, R., and Gubitosa, R., 1984. Controls of sandstone body geometry and architecture in the 
Chinle Formation (Upper Triassic), Colorado plateau. Sedimentary Geology, v. 38, p. 51-
86. 
Blatt, H. G., Middleton, and Murray, R., 1980. Origin of Sedimentary rocks. Englewood Cliffs, 
NJ: Prentice-Hall. 
Bluck, B. J., 1971. Sedimentation in the meandering river Endrick, Scottish Journal of Geology, 
part 2, p. 92-140. 
Boggs, Jr. S., 1987. Principles of sedimentology and stratigraphy, Merrilli publishing company, 
London. 
Bolz, R. R., 1974. Microbial mobilization of barite. Chemical Geology, v. 13, no. 2, p. MI-
MS. 
167 
Boothroyd, J. C., 1972. Coarse-grained sedimentation on a graded outwash fan Northwest Gulf 
of Alaska. Tech. Rept. No. 6-CRD, Coastal Res. Div., University of South Carolina. 
Columbia, p. 127. 
BonnefiUe, R., and Dechamps, R., 1981. Palynology, stratigraphy and paleoenvironment of the 
Pliocene hominid site (2.9-3.3 Ma) at Hadar, Ethiopia; Paleogeo. Paleoclim. Paleoeco., 
V. 60, p. 249-281. 
Brown, F. H., 1982. Tulu Bor Tuff at Koobi Fora correlated with Sidi Hakoma Tuff at Hadar, 
Nature, v. 299, p. 631-635. 
Brown, G., Newman, A. C. D., Rayner, J. H., and Werr, A. H., 1978. The structure and 
chemistry of soil clay minerals. In; the chemistry of soil constituents (DJ Greenland and 
H. B Hayes (eds.), Wiley, New York, v 29, p. 178. 
Brown, M. E., 1988. Introduction to thermal analysis; Techniques and applications, London, 
chapman and Hill, New York. 
Buller, A. T., and Mancus, J., (1979). Simple metric sedimentary statistics used to recognized 
different environments: Sedimentology, v. 18, p. 1-21. 
Burggraf, D. R., Jr., and C. F. Vondra., 1982. Rift VaUey fades and paleoenvironments; An 
example from the East African Rift System of Kenya and southern Ethiopia. Z. 
geomorphol. v. 42, p. 43-73. 
Cant, D. J., and Walker, R. G., 1976. Development ofbraided-fluvial fades model for the 
Devonian Battery Point Sandstone, Quebec. Can. J. Earth Sd., v. 13, p. 102-119. 
Cant, D. J., and Walker, R. G., 1978. Fluvial processes and fades sequences in the sandy 
braided South Saskatchewan River, Canada, Sedimentology, v. 25, p. 625-648. 
Cant, D. J., 1982. Fluvial fades models and their application, in Scholle, P. A., and Spearing, 
(eds.), Sandstone depositional environments; AAPG Memoir 31, p. 115-137. 
Carver, T. E. 1971. Heavy mineral separation. In R. E. Carver (ed.). Procedure in sedimentary 
Petrology, Wiley-Intersdence, New York, P. 427-453. 
Chessex, R., Delaloye, M., Muller, J., and Weidmann, M., 1974b. Evolution of the volcanic 
region of Ali-Sabieh (T. F. A. I) in light of K-Ar age determinations. Afar 
symposium, ad Bergzabem, April 1-6. 
Christiansen, T. B., Scheffer, H. V., and Schonfed, M, 1975. Southern Afar and adjacent areas; 
geology, petrology, geochemistry; in; Pilger and Rasler (ed.), Afar Depression of 
Ethiopia, Int. Union Comm. Geodynamics, Stuttgart, p. 259-277. 
168 
Christman, J. R., 1980. Provenance and environmental analysis of the Upper Eocene and 
Oligocene sediments of the Fayum depression, Egypt, Ph. D thesis, Iowa State 
University, Ames, Iowa. 
Civetta, L., Gasparini, P., De Fine, M., Ghiara, M., La Volpe, L., and Lirer, L., 1974. Structural 
meaning of volcanism of southeastern central Afar (Ethiopia). - Afar Symposium, ad 
Bergzabem, April 1-6. 
Clark, J. D., Berhane, A., Getaneh, A., Harris, J. W. JC, Kurashina, H., Walter, R. C., White, T. 
D., and Williams, M. A. J., 1984. Plaeoanthropologcal discoveries in the Middle 
Awash Valley, Ethiopia, Nature, v.307, p. 423-428. 
Coleman, J. M., and Gagliano, S. M., 1965. Sedimentary Structures; Mississippi river Deltaic 
plain. In; Sedimentary structures and their hydrodynamic interpretation (Ed. by G. V. 
Middleton), Spec. Publ. Soc. Econ. Paleont. Miner., v. 12 Tusla, 6.5.1, p. 133-148. 
Collinson, J. D., and Thompson, D. B., 1989. Sedimentary structures, 2nd ed., London, Unwin 
and Hyman, p. 207. 
Cooke, H. B. S., 1978. Pliocene-Pleistocene suide from Hadar, Ethiopia: Kirtlandia, V. 28, 29, 
p. 1-63 
Critelli, S., and Le Pera, E., 1994. Detrital Modes and provenance of Miocene sandstone and 
modem sands of the southem Apennines thrust-top basins (Italy), Journal of 
Sedimentary Research, v. A64, No. 4, p. 824-835' 1 
Critelli, S., Rumelhart, P. and Ingersoll, R. V., 1995. Petrofacies and provenance of the Puente 
Formation (Middle to Upper Miocene Los Angeles Basin, southem California; 
implications for rapid uplift and accumulations rates. Journal of Sedimentary Research, v. 
A65. No. 4, p. 656-667. 
Danaldson, A. C., Martin, R. H., and Kanes, W. H., 1970. Holocene Guadalupe delta of Texas 
gulf coast. In; J. P. Morgan and R. H. Shaver (ed.), deltaic sedimentation, modem and 
ancient. Soc. Ecoa PlaeoiL Mineral. Spec. 15, p. 107-137. 
Davidson, A. (compiler), 1983. The Omo River Project, reconnaissance geology and 
geochemistry of parts of Illubabor, Kefa, Gofa and Sidamo, Ministiy of Mines and 
Energy, Ethiopian Institute of Geological Surveys Bull. 2, p. 1-89. 
Dawson, K. R., 1985. Geology of Barium, Strontium, and Fluorine deposits in Canada, Geol. 
Survy. Can. Economic Geology, no. 34. 
169 
deMenocal, P. B., and DuflSeld, W. A., 1995. Plio-pleistocene .^can Climate: Science, v. 270, 
p. 53-59. 
Dickson, W. R., 1985. Interpreting provenance relations from detrtial modes of sandstone. In 
Zuffa, G. G. (ed.), Provenance of Arenites; North Atlantic Treaty Organization 
Advanced Study Institute Series 148, Dorderecht, D. Reidel, p. 113-135 
Edelman, C, H., and Doeglas, D. J., 1932. Reliktstnikturen detritisher Pyroxene and Amphibole. 
Mine. Pet. Mitt., v. 42, p. 482-490. 
Eck, G. G, Reed, K. £., in press. Paleoecology of the Plio-Pleistocene hominid localities, Hadar 
Formation, Ethiopia derived from faunal analysis: Geol. Soc. Am. (Abs., N. central 
section). 
Fieble, C. S., Brown, F. H., and McDougall, I., 1989. Stratigraphic context of fossil hominids from 
the Omo group deposits, northern Turkana Basin, Kenya and Ethiopia, Am. Jour. Phys. 
Anthrop., V.78, p. 595-622 
Fiebling, C. R., 1984. Upper Delta plain lacustrine and fluvolacustrine facies from the 
Westphalian of the Durham, coal field, NE England, Sedimentology, v. 31, p. 547-567. 
Folk, R. L., 1955. Brazos River bar: a study in the significance of grain size parameters. Journal 
of sedimentary petrology, v. 27, p. 3-26. 
Folk, R. L., 1959. Practical petrographic classification of limestone. Bull. Am. Ass. Petrol. 
Geol., v. 43, p. 1-38. 
Folk, R. L., 1974. Petrolgy of sedimentary rocks. Hemphillis, Austin, Texas. 
Folk, R. L., 1974. Petrology of Sedimentary Rocks, Hemphill's, Austin, Texas. 
Arcia-Gil, S., 1993. The fluvial architecture of the upper Buntsandstein in the Iberian basin, 
central Spain, Sedimentology, v. 40, p. 125-143. 
Foucher, J. P., Le Pichon, and J. C. Sibut, 1981. The ocean-continent transition in the uniform 
lithospheric stretching model; Role of partial melting in the mantle, Philos, Trsns. R Soc. 
London, v. 305, p. 27-43 
Frentet, P., and Plaziat, J. C., 1982. Continental sedimentation and pedogenesis-Late Cretaceous 
and early Tertiary of southern France. Contrib. Sedimetology, v. 12, p. 213. 
Friedman, G. M., 1961. Distinction between dune, beach and river sands from their textural 
characteristics. Jour. Sed. Petrol., v. 31, p. 514-529. 
170 
Friedman, G. M., 1967. Dynamic processes and statistical parameters compared for size 
frequency distribution of beach and river sands. Jour. Sed. Pertol., v. 37, p. 327-354. 
Friedman, G. M., Sanders, J. E., Kopaska-merel, D. K., 1991. Principles of sedimentary deposits, 
stratigraphy and sedimentary, MacMillian Publishing company. New York. 
Galloway,, W. E., and Hobday, D. K., 1983. Terrigenous Clastic Depositional Systems, 
Application to petroleum, Coal, and Uranium exploration, Springer-Verlag, New 
York. 
Gentry,, A. W., 1981. Notes on Bovidae (Mammalian) from the Hadar Formation and from 
Amado and Geraru, Ethiopia; BCirtlandia, v. 33, p. 1-30. 
Glaister, R. P., and Nelson, H. W., 1974. Grain-size distributions, an aid in fades identification. 
Mem. carte. Geol. Fr., Paris. 
Gile, L. H., Peterson, F. F., and Grossman, R. B., 1966. Morphological and genetic sequences of 
carbonate accumulations in desert soils. Soil Sci., v. 101, p. 347-360. 
Gibson, I. L., 1979b. Quaternary pantellertic volcanism in the Main Ethiopian Rift, Ann, Rep. 
Res. Inst. African Geo!., Uni. Leeds, v 14, p. 561-565. 
Gray, B. T., 1980. Environmental reconstruction of the Hadar Formation (Afar, Ethiopia) 
(Ph. D): Cleveland, Case Western Reserve University, p. 431. 
Gray, B. T., Beden, M., Guerin, C., Taieb, M, and Tiercelin, J. J., 1980. Environmental 
indications provided by the Hadar Formation (Afar, Ethiopia) fauna and correlation 
with geological evidence, in Leakey, R. L. and B. A. Ogot, ed., Proc. of the 8th 
Panafican Congress, p. 115-117 
Gregory, J. W., 1886. The Great Rift valley. Seeley Service, London 
GriflBths, J. C., 1967. Scientific method in the analysis of sediments. McGraw-Hill, New York. 
Grim, R. E., and Kulbicki, G., 1961. Montmorillonite: High temperature reactions and 
classification. Amer. Miner., v. 46, p. 1329-1369. 
Hailab, B., and Brown, F. H., 1992. Turkan Basin- Middle Awash Valley correlation and the age 
of the Sagantole and Hadar Formation, J. Hum. Evol., v. 22, p. 453-468. 
Hay, R. L., 1987. Geology, dating and petrology. In (M. D. Leakey and J. M. Harris, eds.) Laetoli 
a Pliocene site in northern Tanzania, Oxford: Claredon Press, p. 23-61 
171 
Hetn, F, J., and Walker, R. G., 1977. Bar evolution and development of stratification in the 
gravely, braided. Kicking Horse River, British Columbia. Can. J. Earth Sci., v. 14, p. 
562-570. 
Heinrich, E. W., 1965. Microscopic identification of minerals. McGraw Hill, New York. 
Hess, H. H., 1949. Chemical composition and optical properties of the common clinopyroxene. 
Hubert, J. F., 1971. Analysis of heavy-mineral assemblages. In R. E. Caraver (ed.) Procedures in 
sedimentary petrology. Wiley-Interscience, New York, p. 453-479. 
Ingersoll, R. V., Bullard, T. F., Ford, R. L., Grimm, J. P., Pickle, J. D., and Sares, S. W., 1984. 
The eflfect of grain size on detrital modes; a test of the Gazzi-Dickinson point-counting 
method: Journal of Sedimentary Petrology, v. 54, p.103-116 
Jackson, R. G., 1975. Velocity bed-form -texture patterns of meander bends in the lower 
Wabash River of Illinois and Indiana. Bull. Geol. Soc. Am. v. 86, p. 1511-1522 
Jackson, R. G., 1978. Preliminary evaluation of lithofacies models for meandering alluvial 
streams. In: Ruvial sedmentology (ed. by E. D. Miall), Mem. Can. Petrol. Geol. 5, 
Calgary. 3.9.4., p. 543-576. 
Jobling, A. v., and Walker, R. G., 1968. Morphology and origin of ripple-drift cross-lamination, 
with examples firom the Pleistocene of Massachusetts: Jour. Sed. Petrol., v. 38, p. 971-
984. 
Johanson, D. C., Taieb, M., Gray, B. T, and Coppens, Y. 1978. Geological Framework of the 
Hadar Formation, in Bishop, W. W. (ed.), geological background to Fossil Man. 
Scottish Acad. Press, p. 549-564. 
Johanson, D. C., White, T. D. and Coppens, Y., 1978. A new species of the genus 
Australopithecus (Primates Hominidae) fi-om Hadar, Ethiopia. Kirtandia., no. 28 
Johanson, D. C., and White, T. D., 1979. A systematic reassessment of early Afiican hominids. 
Science, v. 203, p. 321-330 
Johanson, D. C., Taieb, M. and Coppens, Y., 1982. Pliocene hominids fi'om the Hadar 
Formation, Ethiopia (1973-1977): stratigraphic, chronologic and paleoenvironment 
contexts, with notes on hominid morphology and systematic. Amer. J. Phys. Anthropo., 
V. 47, p.373-402. 
Jush, D., 1974. Geology of the south-eastern escarpment of Ethiopia between 39" and 42° 
long. East. Afar Symposium, Bad Bergzabem, April 1-6. 
172 
Kalb, J. E., Jolly, C. J., Meberate, Assfa, Tebedge, Selshi, C., Oswald, E. B., Cramer, D., 
White Head, P., Wood, C. B., Conroy, G. C., Adefris, Tsrha, Sperling, L., and Kana, 
Berhane, 1982a. Fossil mammalian and artifacts from the middle Awash Valley, 
Ethiopia, Nature, v. 298, p. 25-29. Selshi, Smart, C 
Kazmin, V., 1975. Geodynamic control of rift volcanism. Geologische Rundshau, v. 69, p. 757-
769. 
Keller, W. D., 1970. Environmental aspects of clay minerals. Jour. Sed. Petrol., v. 40, p. 788-
854. 
Kimbel, W. H., Johnson, D. C. and Rak, Y., 1994. The first skull and other new discoveries of 
Australopithecus afarensis at Hadar Ethiopia. Nature, v. 368: p. 449-451. 
Kimbel, W. H., in press. Hominid species through time: Afiican Plio-Pleistocene record, in 
Vrba, E. S., G. Denton, L. H., Burckel and T. C. Partidge, ed., paleoclimate and 
evolution, with Emphasis on human Origins, New Haven, Yale University press. 
KimbeL, W. H., Walter, R. C., Johanson, D. C., Aronson, J. L., Assefa, A., Eck, Gerald, G., 
Hovers, Erella., Marean, C. W., Quiteros, R. B., Rak, Y., Reed, K. E., Vondra, F. C., 
Yemane, T., York, D., Chen, Y., Evensen, N. M., Smith, P. E., 1996. Late Pliocene Homo 
and Oldowan tools from the Hadar Formation (Kada Hadar Member), Ethiopia, Jour. 
Human Evolution, Revised June 10, 1996. 
Kronberg, P., Schonfed, M., Gunther, R., and Tsombos, P. 1974. ERTS-1 Data on Afar 
tectonics, European Earth Resources Satellite Experiments, Proc. Symposium at 
Farascati, Italy, 28 January- 1 February 1974, p. 217-229. 
Krumbein, W. C., and Rasmussen. 1941. The probable error of sampling beach sand for heavy 
mineral analysis. Jour. Sed. Petrol, v. 11, p. 10-20. 
Kuenen, Ph. H., 1959. Experimental abrasion: 3, Fluviatile action on sand: Am. Jour. Sci., v. 
257, p. 172-190 
Kuenen, Ph. H., 1959. Experimental abrasion; 3, Fluviatile action on sand: Am. Jour. Sci., v. 
257, p. 172-190. 
Kunz, K., Kreuzer, H., and Miuller, P., 1975. Potassium-argon age determination of the Trap 
basalt of the south-eastern part of the Afar Rift, in: Pilger and Rasler (ed.). Afar Depression 
of Ethiopia, Int. Union Comm. Geodynamics, Stuttgart, p. 259-277. 
Le Pain, D. L., and Grower, R. K., 1990. Detailed measured sections from the Endicott 
(Mississippian) in the Shublik Mountains, fourth range, and Franklin Mountains in the 
173 
northeastern Brooks Range:, Alaska: Alaska Division of Geological and geophysical 
Surveys Public Data File 90-19, p. 72. 
Logan, B. W., F., Rezak, R., and Ginsburg, R. N., 1960. Classification and environments 
significance of algal stromatolites. Jour. Geol. 72; v. 68-83. 
Malis, B., and Tebebe, K., 1978. Report on betonite around Mile and Gewane, WoUo and 
Hararghe region, unpublished, 020-251-04, EIGS 
Mariano, M., Wouter, N., and Caipuigdefabregas, 1988. Architecture of the Castissent fluvial 
sheet sandstones. Eocene, South Pyrenees, Spain, Sedimentolgy, v. 33, p.719-738 
Marzo, M., and Anadon, P., 1988. Anatomy of a conglomeratic fan delta complex; the Eocene 
Montserrat conglomerate, Ebro basin northeastern Spain, in Nemec, W. and Steel, R. J., 
(eds.). Fan Deltas; Sedimentology and Tectonic Setting Glasgow and London, Blackie, 
p. 318-340. 
Marriot, S. B., and Wright, V. P., 1993. Paleosols as indicators of geomorphic stability in two old 
red sandstone alluvial suites. South Wales, J. Geol. Soc., Lond., v. 150, p. 1109-1120. 
Matheson, M. E., 1977. A provenance and environmental analysis of the Plio-Pleistocene 
secfiments in the East Turkana Basin, Lake Turkana, Kenya, M. Sc. thesis, Iowa State 
University, Ames, Iowa. 
McGowen, J. R., and Graner, L. E., 1970. Physographic features and stratification types of 
coarse- grained point bars; Modem and ancient examples, Sedimentology, v. 14, p. 77-
111. 
White, R., and Mckenzie, D. A., 1989. Magmatism at rift zones; The generation of volcanic 
continental margins and flood basalts. Jour. Geopys. Res., v. 94, p. 7685-7729 
McPherson, J. G., Shanmugam, G. ,and Moila, R. J., 1987, Fan eflfects and braid deltas; 
Varieties of coarse-grained deltas. Geol. Society of America Bull. v. 99 Number 3, p. 
331-340. 
Mjos, R., and Presthol, M. E., 1993. The geometry and organization of fluvio-deltic channel 
sandstones in the Jurassic Saltwick Formation, Yorkshire, England, Sedimentology, v. 40, 
p. 991-935 
Miall, A. D., 1976b. Paleocurrent and paleohydrologic analysis of some vertical profiles through a 
Cretaceous braided stream deposits. Banks Island, Arctic, Canada, sedimentology; v, 23, 
p. 459-484 
174 
Miall, A. D., 1977. A review of braided river depositionai environment. Earth Sci. Rev. v. 13, p. 
1-62. 
Miall, A D., 1978. Lithofacies types and vertical profile models in braided river deposits : A 
summary. P. 597-604. In A D. Maill (ed.) Fluvial Sedimentology. Can. Soc. Petroleum 
Geol. Mem. 5. 
Miall, A D., 1979. Deltas. In: R. G. Walker (ed.) Fades models. Geoscience Canada Reprint 
Series 1, p. 43-56. 
Miall, A. D., 1984b. Principles of sedimentary basin analysis. Springer, Berlin, Heidelberg, new 
York 
Miall, A D., 1985. Architectural element analysis: a new method of fades analysis applied to 
fluvial deposits: Earth Sci. Rev. v.22, p.262-308 
Miall, A D., 1988a. Fades architecture in clastic sedimentary basins. In: New Perspectives in 
Basin Analysis (ed.), by K. L. Kleinspehn and C. Paola), Springer-Verlag, New York, p. 
67-82. 
Miall, A D., 1990. Prindples of sedimentary basin analysis, 2nd ed. Spinger, Berlin Heidelberg, 
New York 
Miall, A D., 1996. The geology of fluvial deposits, sedimentary fades, basin analysis and 
petroleum geology, Springer, Berlin Heidelberg, New York 
Milner, H. B., 1962. Sedimentary petrography. 4th ed. 2 vols. George Allen and Unwin Ltd., 
London. 
Miyazawa, K., 1966. AUophane and Imogolite, Bull. Natl. Inst. Agr. Sd., Japan. B17, 1. 
Mohr, P. A, 1962b. The geology of Ethiopia. Bull. Geophysics. Obs., v. 5, p. 33-62. 
Mohr, P. A, 1967. The Ethiopian Rift System. Bull. Geophys. Obs. Addis Ababa, v. 32, p. 5- 14. 
Mohr, P. A, 1968. The Cenozoic volcanic succession in Ethiopia, Bull. Volcano., v. 32, p. 3-14 
Mohr, P. A, 1970. The Geology of Ethiopia. Addis Ababa, Addis Ababa University Press, p. 
268. 
Mohr, P. A., 1971b. Outlines tectonics of Ethiopia. In: Choubert, G. (ed.), Tectonics of AMca, 
UNESCO, Earth Sci, Sen, V.6, p. 447-458. 
175 
Mohr, P. A., 1974. Structural elements of the Afar margins: data from ERTS-I imagery. Bull. 
Geophysics. Obs., v. 15. 
Mohr, P. A., 1975. Structural setting and evolution of Afar. In: Pilger, A. and Rosier, A. (eds.) 
Afar Depression of Ethiopia. Schweizerbart, Stuttgart, p. 27-37 
Mohr, P. A., 1976b. Crustal deformation rate and the evolution of the Ethiopian Rift. In: 
Mohr, P. A., 1982. Musting on continental rifting, in Continental and Oceanic Rifts, Geodyn. Ser., 
vol. 8. edited by G. Palmason, p. 293-309. 
Moiola, R. J., and Weiser, D., 1968. textural parameters: An evaluation: Jour. Sed. petrol., v. 38, 
p. 45-53. 
Moody-Stuart, M., 1966. High and low sinuosity stream deposits with examples from the 
Devonian of Spitsbergan, Jour. Sed. Petrol, v. 36, p. 1102-1117. 
Morbidelli, L., Nicoletti, M., Petmcciani, C., and Piccirillo, E. M., 1974. The Main Ethiopian Rift 
and the southeastern escarpment: K/Ar chronology of some tectonic-magmatic 
events. - Afar Symposium, Bad Bergzabem, April 1-6. 
Moshrif, M. A., 1980. Recognition of fluvial environments in the Biyadh-Wiasia sandstones 
(Lower- Middle Cretaceous) as revealed by textural analysis. Jour. Sed. Petrol, v. 50, No. 
2, p. 603-612 
Nemec, W., and Steel, R. J., 1984. Alluvial and coastal conglomerates: Their significance 
features and some comment on gravely mass-flow deposits. In: Koster, E. H., and Steel, 
R. J.,( eds.), Sedimentology and tectonic settings: Glasgow, Scotland, Blackie and 
sons, p. 1-31. 
Peypouquent, J. P., Carbonel, P., Taieb, M., Tiercelin, J. J., and Pemet, G., 1983. Ostracod and 
evolution processes of paleohydologic environments in the Hadar Formation (the Afar 
Depression, Ethiopia). In: Maddocks, R. F. (ed.). Applications of ostracod., Univ. 
Houston Geosc., p. 277-85. 
Pliger, A., and Rosier, A., 1974. Temporal relationships in the tectonic evaluation of the Afar 
Depression (Ethiopia and the adjacent Afro-Arbaian Rift System, in: Pilger and Rasler 
(ed.), Afar Depression of Ethiopia, Int. Union Comm. Geodynamics, Stuttgart, p. 359-377. 
Pettijohn, F. J., 1975. Sedimentary rocks, 3rd ed. New York: Harper and Row. 
Piatt, N. H., and Wright, V. P., 1992. Palustrine carbonates and the Flordia Everglades: Towards 
an exposure index for the fresh-water environments: University of Redaing, PRIS, 
contribution Number 197 
176 
Powers, M. C., 1953. A new roundness scale for sedimentary particles, J. Sed. Petrol, v. 23, p. 
117-119. 
Preiss, 1977. The biostratigraphic potential of Precambrian stromatolites: Precambrian Research, 
5, p. 207-219. 
Radosevich, S., Retallack, G., and Taieb, M., 1992. Reassessment of the paleoenvironment and 
preservation of hominid fossils from Hadar, Ethiopia. Amer. J. Phys. Antrop., v.87, 
p. 15-28. 
Retallack, G. J., 1990. Soils of the past; Unwin Hyman, Boston, 250p 
Rittenhouse, G., 1943. A visual method of estimating two dimensional sphercity, J. Sed. Petrol, 
V. 13, p. 79-81. 
Roche, H., and Tiercelin, J. J., 1977. Decouverte d'une Industrie lithique ancienne in situ dans la 
formation D'Hadar, Afar Central, Ethiopia. C. R Acad. Sci. Paris, 280 D, p. 1871-
1874. 
Roche, H., and Tiercelin, J. J., 1978. Industries lithiques de la formation Plio-Pleistocene 
d'Hadar, Ethiopia (campagne 1976). In; Leaky, R. E. and Ogot, B. A. (eds.) proc. 8th 
panafr. Congr. Prehist. Studies Nairobi 1977. TILLMIAP, Nariobi, p. 194-149. 
Ross, C. S., Miser, H. D., and Stephenson, L. W., 1929. Water-laid volcanic rocks of the early 
upper Cretaceous age in southwestern Arkansas, Southeastern Oklahoma and north­
eastern Texas. U.S. geol. Surv. Proof Paper, v. 154, p. F175-F202. 
Rubey, W. W., 1933. The size distribution of heavy minerals within a water-laid sandstone. 
Journal Sedimentary Petrol., v. 3, p. 3-29. 
Russel, R. D., and Taylor, R. E., 1937. Roundness and shape of Mississippi River sands; Jour. 
Geol.., v. 45, p. 225-267 
Rust, B. R, 1972a. Structure and process in a braided river. Sedimentology, v. 18, p. 221-245. 
Rust, B. R, 1975. Fabric and structure of glaciofluvial gravels; In A V. Jopling and B. C. 
McDonlad, eds., Glaciofluvial and glaciolacustrine sedmentations, Soc. Econ. Paleont. 
Mineral. Spec. Pub. 23, p. 238-248 
Rust, B. R, 1978. Depositional model for braided alluvium. In fluvial Sedimentology (ed.), by A 
D. Maill), Mem. Can. Soc. Petrol. Geol., v. 5, p. 605-625. 
Rust B. R-, and Gibling, M. R., 1990. Braidplain evolution in the Pennsylvanian South Bar 
Formation, Sydney Basin, Nova Scotia, Canada, Journal of Sedimentary Petrology, v. 60, 
p. 59-72. 
Ryder, R. T., and Fouch, T. D., and Elison, J. H., 1976. Early Tertiary sedimentation in the 
western Uinta, Utha Geol. Soc. Amer. Bull., v. 87, p. 496-512 
Schneiderman, J. S., 1995. Detrital opaque as provenance indicators in river Nile sediments. 
Journal of Sedimentary Research, v. A 65, No. 4, p. 668-674 
Schumm, S. A., and Lichty, W., 1963. Channel widening and fioodplain construction along 
Camerron River in S.W Kansas U. S. Geol. Survey Prof paper, v. 352-D, p. 71-88. 
Sickenberg, O., Schonfeld, M., 1975. The Chorora Formation- Lower Pliocene limnical 
sediments in the southern Afar (Ethiopia). In Pilger, A., and Rosier, A., (ed.), Afar 
Depression of Ethiopia, Stuttgart (Schweizerbert). 
Smith, N. D., 1974. Sedimentary and bar formation in the upper Kicking Horse River, a braided 
outwash stream. Jour. Geol, v. 82, p. 205-223 
Steel, R. J., 1974. New Red Sandstone fioodplain and peidmont sedimentation in the Heridean 
Province, Scodand. Jour. Sed. Petrol. V. 44, p. 336-357. 
Steel, R- J., and Thompson, D. B., 1983. Structures and textures in Triassic braided stream 
conglomerates ('Bunter' pebble beds) in the Sherwood sandstone Group, North 
Stafiforshire, England, Sedimentology, v. 30, p. 341-367. 
Sorem, R. K., I960. X-ray diJ&action technique for small samples. Am. Mineralogists, v. 45, p. 
1104. 
Taieb, M., Johnson, D. C., Coppens, Y. and Aronson, J. L., 1976. Geological and 
paleotological background of the Hadar Formation site. Afar, Ethiopia; Nature, v.260, 
p. 289-293. 
Taieb, M., and Coppens, Y., Johanson, D. C., and Kalb, J., 1972. Depots sedimentaries et fauna du 
Plio-Pleistocene de la basse vallee de'Awash (Afar central, Ethiopia): CR. Acad. Sci.D. 
Paris, v. 275, p. 819-822 
Taieb, M., and Nairn, A. E. M., 1979. Sedimentation Pliocene et paleoenvironments de rift, 
Hadar, Ethiopia, Bull. Soc. Geol. Fr. v. 21, p. 243, 53. 
Tarling, D. H. and Runcorn, S. K. (ed.). Implications of continental drift to the earth sciences, 
London and new York ( Academic Press), v. 2, p. 767-776. 
rs 
Tazieff, R, 1972. Tectonics of central Afar. J. Earth Sci., v. 8, part 2, p. 171-182. 
Tiercelin, J. J., 1981. Rifts continental tectonique. climats, sediments. Examples: to la 
sedimentation dans le Nord du Rift Gregory (Kenya) et dans le Rift de I'Afar (Ethiopia) 
depuis le Miocne. Unpublished D. Sc thesis, Universite d' Aix-Marseille 11, Marsille. 
Tiercelin, J. J., 1986. The Pliocene Hadar Formation, Afar, Ethiopia, in Sedimentation in the 
Afiican Rifts (ed. by L. E. Forostick). Geol. Soc. London, Sp. Publication # 25, p. 221-
240 
Tiercelin, J. J., and Faur, H., 1978. Rates of sedimentation and vertical subsidence in neorifts and 
paleorifts, in Ramberg, I. B., and Neuman, E. El., ed., tectonics and geophysics of 
continental rifts; Dordrecht, Netherlands, D. ReidaL, p. 41-47. 
Turcotte, D. L., and Emenman, S. H ., 1983. Mechanisms of active and passive rifting. Processes 
of Continental Rifting 
Vidal, P., DenieL, C., 1994. Temporal evolution of mantle sources during continental rifting; The 
volcanism of Djibouti (Afar), Jour. Geophysical Research, v. 99, No. B2, p. 2853-2869. 
Visher, G. S., 1965. Fluvial processes interpreted from ancient and recent fluvial deposits. In; 
primary sedimentary structure and their hydrodynamic Interpretation (Ed. by G. V. 
Middleton), spec. Publ. Soc. Plaeont. Miner., v. 12, Tusla. 2.2.1., 3.9.4., p. 116-132. 
Visher, G. S., 1969. Grain size distributions and depsoitional processes. Jour. Sed. Petrol., v. 39, 
p. 1074-1106.. 
Vondra, C. F. and Bowen, B. E., 1976. Plio-Pleistocene deposits and environments. East 
Rudolf Kenya, p. 79-93. In Y. Coppens, F. C. Howel, G. L I. Isaac, and R.E.F. Leakey 
(eds.) Earliest man and environments in the Lake Rudolf Basin. Univ. Chicago 
Press, Illinois. 
Vondra, C. F., Yemane, T., and Aronson, J. L., 1993. Paleoenvironments of the Pliocene Hadar 
Formation, the Central Afar, Ethiopia; Geol. Soc. Am. Abstracts. 
Vondra, C. F., Yemane, T., and Aronson, J. L., 1994. The Pliocene Hadar Formation, Central 
Afar, Ethiopia; Geol. Soc. Am. Abstracts. 
Vondra, C. F., Yemane, T., Aronson, J. L., and Walter, R. C., 1996. A major disconformity 
v/ithin the Hadar Formation, Afar, Ethiopia; Geol. Soc. Am. Abstracts (abs. N. Central 
section). 
Vrfaa, E., 1988. Late Pliocene climatic events and hominid evolution, in Grine, F. E., ed. 
Evolutionary History of the "robust" Australopithecus, New York, Aldine de Gruvter. p. 
405-426. 
Walter, D. C., 1981. The volcanic history of the Hadar Early Man site and the surrounding Afar 
region of Ethiopia. Ph.D. thesis, Case Western reserve University, Cleveland, 426 pp. 
Walter, D. C., 1989., Applications and limitations of fission-track geochronology of Quaternary 
tephra. Quaternary International, v. 1, p. 35-46. 
Walter, D. C., and Aronson, J. L., 1982. Revisions of K/Ar ages for the Hadar hominid site, 
Ethiopia, Nature, v. 296, p. 122-127 
Walter, D. C., Manege, P.C., Hey, R. L., Drake, R. E and Curtis, G. H. 1991. Laser Fusion 
•*®Ar/ "'Ar dating of Bed 1, Olduvai Gorge, Tanzania, Nature, v. 354, p. 145-149. 
Walter, D. C., and Aronson, J. L., 1993. Age and source of the Sidi Hakoma tufi^ Hadar 
Formation, Ethiopia. J. Human Evol. v. 25, p.229-240. 
Walter, D. C., 1994. Age of Lucy and the First Family: Laser Ar/Ar Dating of the Denen 
Dora Member of the Hadar Formation, geology, v. 22, p. 6-10. 
Walter, R. C., Aronsoimi J. L., Chen, Y., Evensen, N., Smith, P. E., York, D., Vondra, C. F., 
and Yemane, T. in press. New Radiometeric ages for the Hadar Formation above the 
disconformity Geol. Soc. Am. Abstracts, (Abs. N. Central sections). 
Weaver, E. C., and Pollard, L. D., 1973. The Chemistry of Clay Minerals. Elsevier. 
Weaver, E. C., 1989. Clays, Mud, and Shale, Elsevier, Amsterdam, Oxford, New York, Tokyo. 
White, T. D and Johnson, D. C., 1989. The hominid composition of the Afar locality 333: some 
preliminary observations. In: Giacobini, G. (ed.), Hominidae, Pro. 2nd Int. Congr. 
Human Plaeotol., Milan: Jaca Book, p. 97-102. 
Williams, M. A. J., Getaneh, A., and Adamson, D. A., 1986. Depostional context of the Plio-
Pleistocene hominid-bearing formations in the middle Awash valley, southern Afar Rift, 
Ethiopia, Sedimentation in the African rift. Geological Society Special Publication, No. 
25, p. 241-251. 
WUson, M. J., 1987. A handbook of determination methods in clay mineralogy, Blackie, Glasgow 
and London 
180 
WoldeGebriel, G., White, T., Suwa. G.. Semaw, S.. Beyene, Y., .Asfaw. B . Walter, R., 1992. 
Kesem- Kebena; Newly discovered Plaeoanthropological research area in Ethiopia. J. 
Field Anthroplogy, V. 19, p. 471-493. 
WoldeGebriel, G., Aronson, J. L, and Walter, R. C., 1990. Geology, geochronology, and rift 
basin development in the central sector of the Main Ethiopian Rift; Geol. Soc. Am. 
Bull., V. 102, p. 439-458 
Zanettin, B., Gregnantin, A., Justin-Visentin, E., Nucoltti, M., Petrucciani, C., Piccirillo, E. M., 
and Tolomeo, L., 1974a. Migration of Oligocene-Miocene ignimbritic volcanism in 
central Ethiopian plateau. Neues Jahruch fiir Geol. Palaonto, v. 8, p. 473-490. 
Zanettin, B., Justin-Visentin, E., Nicoletti, M., and Petrucciani, C., 1978. The evolution of the 
Chancha escarpment and the Ganjuli graben (lake Abaya) in the southern Ethiopia rift. 
Neues Jahruch fiir Geologje and paleontologie Manatshefte, v. 8, 473-490. 
Zufifa, G. G., 1980. Hybrid arenites: Their composition and Classification; Journal Sed. Petrol., 
V. 7, p. 1304-1322. 
Zuflfa, G. G., 1985. Optical analyses of arenites; influence of methodology on compositional 
results, in Zuflfa, G. G., (ed.). Provenance of Arenites; North Atlantic Treaty 
Organization Advanced Study Institute Series 148, Dordrecht, D. ReideL, p. 165-189. 
Zufifa, G. G., 1987. Unraveling hinterland and offshore paleogeography from deep-water 
arenites, in Leggen, J. K., and Ziaffa, G. G., (eds.), Deep-Marine Clastic sedimentology; 
concepts and Case Studies; London, Graham and Tortman, p. 39-61. 
181 
ACKNOWLEDGMENTS 
A project of this sort demands the cooperation and interest of many people. 
Appreciation is due to all of them. 
Foremost is Dr. Carl F. Vondra, teacher and friend whose assistance and guidance 
throughout all phases of the study made this project feasible. I will always fondly remember 
my fieldwork with him in Wyoming and Hadar. I extend my gratitude to my graduate 
conmiittee; to Dr. Carl E. Jacobson, and Dr. Karl E. Seifert of the Department of Geology, 
and Dr. ]S/fichael Thompson and Dr. Jon Sander of the Agronomy Department. I am indebted 
to them for their discussion, criticism and advice, I am especially grateful to Dr. Carl 
Jacobson for introducing to the new and modem AutoCad program and Dr. Carl Siefert for 
assistance during the mineralogical study. 
The goodwill and help of many people is necessary for overseas research to be 
successful. It is a pleasure to acknowledge the assistance rendered by the members of the 
Hadar Research project. Funds for this investigation were made possible from four sources; 
1) An NSF granted to Dr Carl F. Vondra and James K. Aronson, 2) the Institute of Human 
Origins, 3) the Department of Geological and Atmospheric Sciences, Iowa State University 
and 4) the Ethiopian Institute of Geological Surveys. I am indebted to Dr. James Aronson of 
Case Western Reserve University, and Dr. Robert Walter of the Institute of Human Origins 
for helping me with the background geology of the area and providing helpful comments and 
discussion during preparation of this dissertation. Appreciation is also extended to Dr. 
Donald Johanson, Dr. William Kimbel and Dr. Kaye Reed of the Institute of Human Origins, 
Dr. Yoel Rak of Tel Aviv University, and Ms. Erella Hovers of Hebrew University for 
assistance in locating hominid sites and providing information on the type and nature of 
hominid specimens. Special thanks also to Dr. Gerald Eck of the University of Washington 
who assisted me with GPS and the learning of new computer software. Thanks are also given 
to Mr. Tamerat Wodajo and Mr. Million Hailmicheal who helped in many ways, especially 
during the measurement and description of stratigraphic sections and during sample collection. 
182 
A number of people provided invaluable technical advice and assistance which greatly 
facilitated laboratory procedures. Dr. Giday WoldeGeberial of the Los Alamos National 
Laboratory prepared most of the heavy mineral samples and provided much help and comment 
during the interpretation of the source rocks. Dr. Robert Cody, Department of Geology, 
Iowa Sate University gave valuable counsel on the X-ray diffraction of mudstone and 
carbonate samples. Dr. Paul Spry, Department of Geology, Iowa State University made 
helpful suggestions concerning the use of the new Nikon microscope and assisted in the 
identification of heavy minerals and rock fi-agments. 
The cooperation of the faculty and stuff of the Department of Geological and 
Atmospheric Sciences, Iowa State University throughout the study are also greatly 
appreciated. In particular, sincere thanks are extended to Ms. DeAnn Frisk for assisting with 
many administrative problems. I am also indebted to my ofBce mates Dale Brunotte and Mark 
Mathieison for many hours of fruitful discussion. 
Finally, special thanks to Dr. Berhane Asfaw of the Ministry of Culture and Sports 
Affairs, Dr. Tim White of the University of California at Berkeley and Dr. Gen Sawa of the 
University Tokyo for allowing me first to work closely with the paleoanthropology group at 
Konso and Fejij. The writer also wishes to express his deepest gratitude to his wife Desta 
Mesfin for her love and support throughout the project. 
